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VERY SHORT INTRODUCTIONS are for anyone wanting a 
stimulating and accessible way into a new subject. They are written 
by experts, and have been translated into more than 45 different 
languages. 


The series began in 1995, and now covers a wide variety of 
topics in every discipline. The VSI library currently contains over 
700 volumes—a Very Short Introduction to everything from 
Psychology and Philosophy of Science to American History and 
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Condensed matter physics is one of the largest and most vibrant 
sub-fields of physics. It is a rich source of ideas, concepts, and 
techniques that have cross-fertilized with not just other sub-fields 
of physics, such as elementary particles, but also other scientific 
disciplines (chemistry, biology, computer science, sociology, 
economics) and engineering (electrical, materials, chemical). In 
the past 30 years, the Nobel Prize in Physics has been awarded 
13 times for work on condensed matter. In the past 20 years, 
eight condensed matter physicists have received the Nobel Prize 
in Chemistry. 


Condensed matter physics is all about emergence; the whole is 
greater than the sum of the parts. A system composed of many 
interacting parts (atoms) has properties (a state of matter) that 
are qualitatively different from the properties of the individual 
parts. This commonality is why condensed matter physics has 
had such a fruitful cross-fertilization with other sciences. It is 
arguably the field with the greatest success at understanding 
emergent phenomena in complex systems, particularly at the 
quantitative level. This is not because condensed matter 
physicists are smarter than sociologists, economists, or 
neuroscientists. It is because the materials we study are much 
‘simpler’ than societies, economies, and brains. 


As a research field, condensed matter physics is not just defined 
by the objects that it studies (states of matter in materials), but 
rather by a particular approach to the study of these objects. The 


aim is to address fundamental questions and to find unifying 
concepts that can be used to describe and understand a wide 
range of phenomena in materials that are chemically and 
structurally diverse. My aim has not been to write a popular 
summary of the main topics covered in a textbook. Rather this is 
an essay that I hope brings joy and appreciation and a desire to 
learn more. I have chosen to emphasize concepts rather than 
trying to explain technical details. 
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honour this legacy of Phil Anderson (1923-2020). I also hope 
that I can convince you that condensed matter physics is 
significant, exciting, beautiful, and profound. 
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Every day we encounter a diversity of materials: liquids, glass, 
ceramics, metals, crystals, magnets, plastics, semiconductors, 
foams...These materials look and feel different from one another. 
Their physical properties vary significantly: are they soft and 
squishy or hard and rigid? Shiny, black, or colourful? Do they 
absorb heat easily? Do they conduct electricity? The distinct 
physical properties of different materials are central to their use 
in technologies around us: smartphones, alloys, semiconductor 
chips, computer memories, cooking pots, magnets in MRI 
machines, LEDs in solid-state lighting, and fibre optic cables. 
Consequently, the science of materials attracts researchers in a 
wide range of disciplines: physics, chemistry, biology, 
mathematics, and the varieties of engineering (electrical, 
chemical, mechanical, material...). But why do different 
materials have different physical properties? 


There are more than 100 different types of atoms, or chemical 
elements, in the universe. Any material is composed of a specific 
collection of different atoms, and they are arranged in a 
particular spatial pattern within the material. A central question 
is: 


How are the physical properties of a material related to the 
properties of the atoms from which the material is made? 


Diamond versus graphite 


To better understand how this question is addressed by 
condensed matter physicists let’s consider a concrete example, 
that of graphite and diamond. While you will find very cheap 
graphite in lead pencils, you will find diamonds with a hefty 
price tag upwards of thousands of dollars depending on the 4 Cs 
(carat, colour, clarity, and cut). But both graphite and diamond 
are composed solely of carbon atoms. So why do they look and 
feel so different? 


Let’s make some observations about the physical properties of 
graphite versus the properties of diamond. They are both solid. 
Graphite is common, black, soft, and conducts electricity and 
heat moderately well. In contrast, diamond is rare, transparent, 
hard, and conducts electricity and heat very poorly. 


What is the origin of these distinctly different physical properties 
of graphite and diamond? How can they be so different if they 
are both made of the same atoms? This is where we need a 
special ‘microscope’ to zoom in and look at the diamond and 
graphite at very high magnifications, that is, at the level of seeing 
the individual carbon atoms of which the materials are made. 
This can be done by shining a beam of X-rays on each of the 
materials. The X-ray ‘microscope’ reveals that the carbon atoms 
have a distinctly different geometric arrangement in diamond 
and in graphite. But first, let’s look at the atomic scale structure 
of graphene (Figure 1), a single sheet of carbon atoms. 


1. The microscopic structure of graphene. Each solid circle 
represents a single carbon atom and each solid line a chemical 
bond between two neighbouring atoms. 


Now imagine taking a bunch of graphene sheets and stacking 
them one on top of each other. This is the structure of graphite 
(Figure 2). At the atomic scale graphite is composed of layers of 
graphene. In each layer the atoms are arranged in a honeycomb- 
like sheet that consists of an infinite array of hexagons and each 
carbon atom is next to three neighbouring carbon atoms. In 
diamond, every carbon atom is next to four other carbon atoms 
and there are no sheets of atoms. The two atomic arrangements 
are qualitatively different. In diamond the network of chemical 
bonds extends in three directions, whereas in graphite it only 
extends in two directions, that is, parallel to the sheets. 


Graphite vs Diamond 


Graphite Diamond 


2. A side-by-side comparison of the different properties of graphite 
and diamond. The upper figures show the macroscopic physical 
properties. The lower figures show the microscopic properties: the 
geometric arrangement of the carbon atoms within each of the 
materials. 


The two different structures at the atomic (microscopic) scale led 
to the difference in physical properties of graphite and diamond 
at the macroscopic scale. Graphite is soft because it is easy to 
make the different sheets of atoms slide relative to one another. 
When you write with a pencil this is how the ‘lead’ in your pencil 
easily slides off onto a piece of paper. Diamond is hard because 
there are no such layers; the carbon atoms form a strong 
interpenetrating network and so it is difficult to move them 
relative to one another. Explaining the differences in colour and 
conductivity between diamond and graphite is more difficult. It 
requires the use of quantum theory to explain how electrons 


move through the infinite network of atoms within each of the 
two solid states. 


States of matter 


Diamond and graphite are distinct solid states of carbon. They 
have qualitatively different physical properties, at both the 
microscopic and the macroscopic scale. Condensed matter physics 
is all about states of matter. In science classes at school, you were 
probably taught that there are only three states of matter: solid, 
liquid, and gas. Like other things you were told in school, this is 
incorrect. There are endless, unlimited, distinct states of matter. 


Consider the ‘liquid crystals’ that are the basis of LCDs (Liquid 
Crystal Displays) in the screens of televisions, computers, and 
smartphones. How can something be both a liquid and a crystal? 
A liquid crystal is a distinct state of matter. Solids can be found in 
many different states. We have already seen that there are two 
different solid states of carbon: graphite and diamond. In 
everyday life ice means simply solid water. But there are in fact 
18 different solid states of water, depending on the temperature 
of the water and the pressure that is applied to the ice. In each of 
these 18 states there is a unique spatial arrangement of the water 
molecules and there are qualitative differences in the physical 
properties of the different solid states. Welcome to the world of 
condensed matter. 


Condensed matter physics is concerned with characterizing and 
understanding all the different states of matter that can exist. 
Each state of matter has unique physical properties. Qualitative 
differences distinguish the different states of matter. These 
different states are called condensed states (or phases) of matter. 
The word ‘condensed’ is used here in the same sense as when we 
say that steam condenses into liquid water. Generally, as the 
temperature is lowered, a material can condense into a new state 
of matter. At high temperatures carbon is a gas and when the 
temperature is lowered it condenses into a liquid. Further cooling 


causes liquid carbon to condense into graphite. At high pressures 
when graphite is cooled it can condense into diamond. 


Materials are studied by physicists, chemists, and engineers, and 
the questions, focus, goals, and techniques of researchers from 
these different disciplines can be quite different. The focus of 
condensed matter physics is on states of matter. Condensed 
matter physics as a research field is not just defined by the 
objects that it studies (states of matter in materials), but rather by 
a particular approach to the study of these objects. The aim is to 
address fundamental questions and to find unifying concepts and 
organizing principles to understand a wide range of phenomena 
in materials that are chemically and structurally diverse. 


The central question of condensed matter physics 


Generally, condensed matter physicists grapple with one 
question. Because it is so important, I state the question in three 
different ways. How do macroscopic properties emerge from 
microscopic properties? How do the properties of a state of matter 
emerge from the properties of the atoms in the material and their 
interactions? How do the many atoms in a material interact with 
one another to collectively produce a particular property of the 
material? 


Answering this question requires determining three things about 
a material: the macroscopic properties; the microscopic 
properties; and how they are related. Determining any of these is 
a scientific challenge. Nevertheless, condensed matter physicists, 
often in collaboration with scientists from other fields, have 
creatively and painstakingly developed a wide range of methods 
to determine them. 


Superconductivity 


To me, and many other condensed matter physicists, the most 


interesting state of matter is superconductivity. In this state, a 
metal can conduct electricity perfectly; without generating any 
heat. The discovery of superconductivity in 1911 presented a 
considerable intellectual challenge: what is the origin of this new 
state of matter? How do the electrons in the metal interact with 
one another to produce superconductivity? Many of the greatest 
theoretical physicists of the 20th century took up this challenge 
but failed: Albert Einstein, Niels Bohr, Wolfgang Pauli, Richard 
Feynman, and Lev Landau to name a few. The puzzle was only 
solved 46 years after the discovery by John Bardeen, Leon 
Cooper, and Robert Schrieffer, who presented what we know 
today as the BCS theory. Their theory has subsequently been used 
to understand not just superconductivity, but also liquid helium, 
nuclear physics, neutron stars in astrophysics, and the Higgs 
boson. The study of superconductivity is an ongoing story, with 
many new classes of materials being discovered that show the 
behaviour. However, it normally occurs at extremely low 
temperatures, close to absolute zero (—273 °C), which limits its 
practical applications. A huge discovery, made in 1986, was of a 
family of ceramic materials that can superconduct at much higher 
temperatures than others. They just need liquid nitrogen to cool 
them down. This still gives hope of finding the ‘holy grail’: a 
material that can superconduct at room temperature. But more 
on that later. 


I find superconductivity even more interesting when considering 
quantum effects. By 1930 it was widely accepted that quantum 
theory, in all its strangeness, describes the atomic world of 
electrons and protons, but does not show itself in the everyday 
world of what we can see and touch. You cannot be in two places 
at the same time. Your cat is either dead or alive. However, 
condensed matter physicists have shown that the boundary 
between the atomic and macroscopic worlds is not so clear cut. A 
piece of superconducting metal can take on weird quantum 
properties, just like a single atom. But more on that later, too. 


Forerunners of condensed matter physics 


In terms of institutional structures condensed matter physics 
became more defined in 1978 when the American Physical 
Society decided to change the name of its Division of Solid State 
Physics to the Division of Condensed Matter Physics. Today, it 
hosts annually the largest physics conference in the world, 
attracting more than 10,000 attendees. But long before 1978 
scientists had been busy studying condensed states of matter. 
Two scientists, Heike Kamerlingh Onnes and Lev Landau, began 
laying the foundations of the field. 


Heike Kamerlingh Onnes might be the first condensed matter 
physicist, because he embodied the intellectual orientation and 
integrated multifaceted approach that is at the heart of 
condensed matter physics today. Kamerlingh Onnes was driven 
by a desire to answer fundamental questions such as, can any gas 
become liquid? Is there a universal relationship between the 
density, pressure, and temperature of a gas? How are gas-liquid 
transitions related to interactions between the constituent 
molecules in a material? At very low temperatures is the 
electrical conductivity of a pure metal zero, finite, or infinite? To 
help design experiments and understand their results, Kamerlingh 
Onnes sought out theoretical advice from his colleague in Leiden, 
in the Netherlands, Johannes van der Waals. 


To work towards answers for such fundamental questions, 
Kamerlingh Onnes played the long game. He spent years 
developing and improving experimental methods and techniques 
whether glass blowing, sample purification, or building vacuum 
pumps. He realized that this approach required a large team of 
technicians, each with particular expertise, and that teamwork 
was important. The motto of Kamerlingh Onnes’s laboratory was 
Door meten tot weten, ‘Through measurement to knowledge.’ 


Kamerlingh Onnes is credited with the discovery of 
superconductivity in 1911. Crucial to this discovery was an 
earlier landmark achievement. Kamerlingh Onnes’s group were 
the first to cool helium gas to low enough temperatures that it 
would become liquid. At the time all other known gases had been 


liquefied, but not helium. It wasn’t clear whether the problem 
was that scientists could not get the gas cold enough or whether 
helium was always a gas. In 1908, Kamerlingh Onnes’s group 
observed that helium did become liquid at a temperature of -269 
°C. This discovery was of both fundamental importance and 
practical significance. Liquid helium later became extremely 
useful to cool materials and scientific instruments to very low 
temperatures. Today, many large universities have storage tanks 
that supply science and engineering departments with the liquid 
helium that they need for their research programmes. 


Lev Landau was arguably the first condensed matter theorist, that 
is a theoretical physicist who developed mathematical theories to 
describe the results of experiments on condensed states of matter. 
In 1937 Landau published three papers that marked the 
beginning of theoretical condensed matter physics. In these 
papers, he provided a concrete methodology to classify different 
states of matter. Landau lived in the Soviet Union and his 1937 
papers were almost the last he wrote. In 1938 he was arrested 
and imprisoned for comparing Stalinism to Nazism. Pyotr 
Kapitsa, the director of the research institute where Landau 
worked, wrote to Stalin requesting Landau’s release, but to no 
avail. After a year, Kapitsa wrote to Vyacheslav Molotov (of 
cocktail fame), Stalin’s protégé, arguing that Landau was 
indispensable to help him ‘clear up one of the most puzzling 
areas in modern physics’. This letter did the trick and in the year 
following his release Landau developed a theory to explain 
Kapitsa’s experimental results on superfluidity (another intriguing 
state of matter) in liquid helium. Both Landau and Kapitsa 
received Nobel Prizes for their work on superfluid helium (Figure 
3). 


3. Landau and Kapitsa in 1948. 


Emergence 


Condensed matter physics can be contrasted with two other 
‘fundamental’ sub-fields of physics: cosmology and elementary 
particle physics. Cosmology is concerned with the extremely 
large: the scale and history of the whole universe. Elementary 
particle physics is concerned with the extremely small: finding 
the elementary building blocks of all matter: quarks, electrons, 
Higgs bosons, and the forces between these fundamental 
particles. In contrast, condensed matter physics is concerned with 
the extremely complex: how large numbers of atoms or molecules 
behave when they interact with one another. Tackling this great 
complexity involves the challenge of connecting microscopic and 
macroscopic properties, which, in condensed matter physics, is 


all about emergence, one of the most important concepts in 
science. 


Emergence refers to the observation that the whole is greater 
than the sum of the parts. The whole is qualitatively different. A 
system composed of many interacting parts has properties that 
often cannot be anticipated from a knowledge of the properties of 
the individual parts. This concept describes many phenomena at 
the heart of not only condensed matter physics but also 
chemistry, biology, psychology, economics, and sociology. For 
example, a gene is a portion of a very long DNA molecule. The 
gene has no personality. Yet your appearance and personality 
emerge from the complex interaction of genes with one another 
and with proteins in your body. A single neuron does not have 
thoughts but the trillions of neurons in your brain act together to 
produce thoughts. A piece of solid gold is shiny. But it makes no 
sense to say a single gold atom is shiny. Shininess is a property of 
a collection of gold atoms. Water is wet. But it makes no sense to 
say that a single water molecule is wet. Wetness is a property of 
many water molecules that are in the liquid state. Similarly, the 
macroscopic properties that distinguish graphite and diamond 
(e.g. soft vs hard, black vs transparent) are emergent. Both 
diamond and graphite have identical constituents: carbon atoms. 
Yet they interact in different ways to collectively produce 
properties that the individual carbon atoms do not have. 


Most macroscopic properties are emergent, that is, they are 
irreducible. Emergent properties are properties of the whole 
system but not of the individual components of the system. 
Characteristics of emergent properties include surprising 
discoveries, the difficulty of making theoretical predictions, the 
qualitative difference between microscopic and macroscopic 
properties, and universality. Universality here means that systems 
with different microscopic details (such as chemical composition) 
can have the same macroscopic properties. 


Another surprise 


Everything discussed so far about graphite and diamond has been 
known and understood since about 1930. But condensed matter 
physics continues to be full of surprises, and the story of solid 
carbon continues to unfold. It involves new geometries: tubes, 
spheres, and sheets of carbon. Looking back at the structure of 
graphene shown in Figure 1, consider taking a strip of carbon 
atoms and wrapping up the sheet into a tube. This is known as a 
carbon nanotube because the diameter of the tube is on the scale 
of a few nanometres (one billionth of a millimetre). Nanotubes 
were first made in the laboratory in 1991, and they turned out to 
be conducting wires with some remarkable properties. 


Now consider cutting out a small disk in the graphene sheet and 
wrapping it up into the shape of a sphere. It turns out that one 
very stable type of sphere is a collection of 60 carbon atoms with 
the exact same spatial pattern as a soccer ball. This molecule is 
known as a fullerene or a buckyball, in honour of the architect 
Buckminster Fuller, who popularized structures with some 
similarities, called geodesic domes. In 1985 a group of chemists 
were performing experiments to try to understand the formation 
of molecules of long carbon chains in interstellar space. 
Unexpectedly, they found that they had made fullerenes in the 
laboratory. In 1991 condensed matter physicists were excited 
when they discovered that if a solid chemical compound was 
made from buckyballs and potassium it was superconducting, and 
at a temperature much higher than that for simple metals such as 
tin and lead. 


But what about graphene itself, single sheets of carbon? It was 
not produced in a laboratory until 2004, by a team led by Andre 
Geim at the University of Manchester in England, and under 
somewhat unusual circumstances. After a demanding week, 
Geim’s research group liked to try some physics experiments that 
were fun and slightly crazy on a Friday night. Crazy could mean 
silly or extremely difficult. This also encouraged creativity in the 
research group. Most of the experiments they tried did not work. 
One experiment that did work and became an internet sensation 
was levitating a frog inside a powerful electromagnet. 


One Friday night, Geim wondered whether it was possible to take 
some graphite and peel off a single layer of carbon atoms. What 
he proposed doing next is surprisingly simple, particularly in a 
laboratory equipped with state-of-the-art scientific equipment: 
attach a piece of sticky tape to graphite, say from a pencil, and 
then pull it off, hopefully peeling off a single layer of carbon from 
the pencil in the process. Then take a look at the tape under a 
high-powered microscope. When the team tried this, to their 
surprise, they found single layers of carbon: they had made 
graphene. Sometimes crazy ideas do work out. 


Working together with Konstantin Novoselov and other group 
members, Geim was able to make electrical circuits using the 
graphene and found that it conducted electricity reasonably well. 
The electrons in graphene are responsible for its electrical 
conductivity. They behave in a manner characteristic of light 
particles (photons, which have no mass) rather than isolated 
electrons (which have mass). 


The discovery of graphene was so revolutionary that Geim and 
Novoselov were awarded the Nobel Prize in Physics in 2010. But 
the story is still not over. In 2016, scientists took two layers of 
graphene and placed one on top of the other, but at a slightly 
different orientation, so that they were twisted relative to one 
another by an angle of just one degree. This arrangement was 
motivated by theoretical predictions that such a system would 
conduct electricity in a manner different from graphene. Then, in 
2018, these systems were found under certain conditions to be 
superconducting. Furthermore, in an electrical circuit like in a 
transistor it was possible to switch the material between three 
different states of matter: superconductor, metal, and insulator. 


The next chapter discusses some of the many known distinct 
states of matter, and how condensed matter physicists distinguish 
these states from one another. 


Classifying objects, people, and societies requires making 
qualitative distinctions. One book is easy to understand, and 
another is hard. One person is kind, and another is mean. One 
society is egalitarian, and another is not. Justifying such 
qualitative distinctions is hard. Not everyone will agree. Are 
there definitive criteria to justify a particular quality? Some claim 
they can quantify qualities such as these but that is contentious. 
In contrast, in condensed matter physics it is possible to give 
objective criteria that distinguish different states of matter. A 
state can only exist under specific external conditions, including 
defined ranges of parameters such as temperature and pressure. 
This chapter describes the clear signatures of transitions between 
different states that are observed as these parameters are varied. 
Some of the many known states of matter will be introduced 
including superconductors, superfluids, and magnets. On the way 
we will learn about ‘dry ice’, how to convert graphite into 
diamond, and how freeze-dried food is made. 


Abrupt changes in properties 


If you put some ice cubes in one empty glass and water in 
another, the ice does not change its shape, whereas water takes 
the shape of the glass. Solids are rigid and liquids are not. The 
distinct change from one state to another can be detected by 
observing an abrupt change or discontinuity in physical 
properties. For example, ice (solid water) has a different density 
from liquid water. This is evident because ice floats. The solid 


state of water has a lower density than the liquid state. To put it 
another way, water expands when it freezes. That’s why water 
pipes can burst if they freeze in cold weather. 


A transition between two distinct states of matter is an example 
of a tipping point: a small change in a system variable can 
produce large changes in the system. For example, changing the 
temperature of water from plus 1 °C to minus 1 °C can produce a 
qualitative change in system properties. The water changes from 
liquid to solid. Tipping points occur in a wide range of physical, 
biological, and social systems. Examples include a stock market 
crash, the outbreak of an epidemic, and the operation of a room 
thermostat. Tipping points show that quantitative differences can 
become qualitative differences. This concept has a long and 
controversial heritage. In the 19th century, using the example of 
transitions between distinct states of matter, the philosopher 
Georg Friedrich Hegel proposed the first of his three ‘laws of 
dialectics’: ‘The law of transformation of quantity into quality 
and vice versa.’ This ‘law’ was promoted by Friedrich Engels and 
was Claimed to be part of the scientific basis of Marxist-Leninist 
ideology, including claims about the qualitative difference 
between workers and capitalists, the instability of capitalism, and 
the inevitability of political revolution. Now, back to the less 
controversial topic of condensed matter. 


How does a scientist know if they have discovered a new state of 
matter? One method to detect the transition between states is to 
measure how the temperature of the material changes as it is 
cooled or heated. Put a thermometer in a pot of boiling water on 
a stove and you will see that the temperature stays fixed at 100 
°C, even though heat is being added. The temperature also does 
not change when heat is added to ice to make it melt. The 
temperature stays fixed at 0 °C while it melts. Suppose you take a 
fixed mass of liquid water, place a thermometer in it, and then 
freeze the water. Then add a constant source of heat. The ice will 
eventually melt, and the liquid will then heat up and eventually 
boil. If you measure the temperature of the water as a function of 
time and graph the results you will get something similar to 


Figure 4. Heating the block of ice leads to the temperature not 
changing when the ice is melting and when the liquid water is 
boiling. The main thing to note is that the flat parts of the curve 
clearly define the transition from solid to liquid and from liquid 
to gas. In particular, the state changes are associated with an 
abrupt change in the slope of the graph. State changes are also 
called phase transitions. I stress that ‘transition’ is not used in the 
sense of a gradual change. Rather, the transition is sudden. State 
changes are associated with abrupt changes in physical 
properties. 
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4. Temperature of a fixed mass of water versus time when a 
constant source of heat is added to the water. The transition 
between each of the states (solid, liquid, gas) is clearly defined by 
the flat parts of the graph. 


If this experiment is repeated at a different air pressure, the shape 
of the curve is the same as in Figure 4, except that the melting 
and boiling temperatures are different. On the top of Mount 
Everest, the air pressure is only one-third of that at sea level, and 
water boils at only 71 °C. So don’t expect a piping hot cup of tea 
to celebrate climbing to the top! Furthermore, if one does a 
similar experiment for almost any substance that is undergoing a 
phase transition, one will see qualitatively similar behaviour. 
There are abrupt changes in the slope of the graph of temperature 


versus time. This is true not just for solid—liquid transitions but 
solid-solid transitions, such as between graphite and diamond, 
and the magnetic and superconducting transitions to be discussed 
below. 


Similarly, if the volume of a fixed mass of water is measured over 
time when heat is added, there are changes in the slope of the 
volume versus time curve when the state changes. The solid, 
liquid, and gas states of a fixed mass of water have different 
volumes. Again, there are clear measurable signatures of a 
change in state. 


Many new states of matter have been discovered in this manner, 
by taking a material and cooling it down to lower and lower 
temperatures and looking for abrupt changes in the physical 
properties of the material. Liquid crystals, superconductivity, and 
the superfluid states of liquid helium were all discovered in this 
manner. 


Temperature scales 


Temperature is relevant to everyday life: the weather, home 
heating, cooking food, and storing food. The two most used 
temperature scales are degrees Celsius (°C) and degrees 
Fahrenheit (°F). The Celsius scale is convenient because water 
freezes at 0 °C and boils at 100 °C. The corresponding 
temperatures in Fahrenheit are 32 °F and 212 °F, respectively. 
Temperature is central to condensed matter physics. Changing 
the temperature of a material can induce a transition from one 
state of matter to another. Measuring how the properties of a 
state change as the temperature is varied can provide insights 
into the nature of the state. 


A scientifically fundamental temperature scale is the Kelvin scale 
or absolute temperature. This scale emerged from the field of 
thermodynamics, which is concerned with the relationship 
between heat, energy, and work. A fundamental law of nature, 


known as the third law of thermodynamics, is that it is 
impossible to cool any substance below a temperature of -273.15 
°C. At this temperature all the random movement of atoms due to 
heat ceases. This is known as absolute zero and defined as 0 
Kelvin. The unit of temperature is a Kelvin, denoted K, and a 
change of one K corresponds to a change in the Celsius scale of 
one degree. Water freezes at a temperature of 273.15 K and boils 
at 373.15 K. 


The absolute temperature scale is convenient in condensed matter 
physics because many interesting states of matter, such as 
superconductors and superfluids, occur at temperatures less than 
a few Kelvin. Some even occur at less than one-thousandth of a 
Kelvin. 


Superconductors 


Although metals are good conductors of electricity, they are not 
perfect conductors. Passing an electrical current through a wire 
generates heat. This heat can lead to electrical fires. Traditional 
light globes pass current through a very thin wire that generates 
so much heat that it emits light. This heating is also the basis of 
old-style electrical fuses, which consist of a very thin wire that 
melts if there is an electrical short and the current gets too large, 
breaking the electrical circuit. 


If the temperature is lowered, metals become better conductors. 
But what happens as the temperature of a metal approaches 
absolute zero? At the beginning of the 20th century there were 
three different theoretical predictions: the conductivity would 
become zero, infinite, or be finite. Having liquefied helium, 
Kamerlingh Onnes was able to address this fundamental question. 
His group prepared purified samples of gold and mercury and 
measured how well they conducted electricity, as the 
temperature was lowered down to one Kelvin. For gold, the 
electrical resistance steadily decreased and then did not change 
below about 10 K. But the behaviour of the mercury was 


completely unexpected. As the temperature decreased, the 
resistance steadily decreased and then suddenly, at about 4 K, the 
resistance dramatically dropped to zero. This was first observed 
by a graduate student, Gilles Holst. The mercury had become a 
perfect electrical conductor. Indeed, a battery was connected to a 
loop of mercury wire to produce an electrical current, and then 
the battery was disconnected. The current just kept going and 
going. In the 1960s this experiment was repeated, and extremely 
accurate measurements observed no decay of the electrical 
current over the course of two months. The scientists estimated 
that the superconducting current would last for at least 100,000 
years. 


If you have ever had an MRI in a hospital you have benefited 
from superconductivity. MRI (Magnetic Resonance Imaging) 
machines use large magnetic fields that are produced by 
hundreds of kilometres of superconducting wire wound into a 
coil. An electrical current is put in the wire from an external 
power supply which is then disconnected. The current and 
magnetic field can then exist for days without putting any 
additional electrical energy into the system. In contrast, a regular 
electromagnet, such as one built with copper wire, requires a 
continual input of electrical energy. Furthermore, the wires 
would melt because of the heat generated by the large electrical 
currents passing through them. In contrast, superconducting 
magnets do not have this problem because there is no electrical 
resistance in the wires to generate any heat. The Large Hadron 
Collider in Europe is the largest and most powerful particle 
accelerator in the world. It is at the forefront of research on 
elementary particles, and where the Higgs boson was first 
observed. A ring of superconducting magnets, arranged in a circle 
with a diameter of 27 kilometres, direct beams of particles 
moving at close to the speed of light, before the particles collide 
with one another. Superconducting magnets are also widely used 
in chemistry and biochemistry as they are essential to two 
scientific instruments that can help identify molecules and find 
their structure: mass spectrometers, which measure the mass of 
molecules, and NMR (Nuclear Magnetic Resonance) 


spectrometers. 


The perfect conductivity of the superconducting state is not the 
only property that shows it is a state of matter distinct from the 
normal conducting state of a regular metal. A second 
characteristic property is that a magnetic field cannot exist inside 
a superconductor. This surprising property was discovered in 
1933 by Walther Meissner and Robert Ochsenfeld. The fact that 
magnetic fields cannot penetrate a superconductor means that if 
a magnet is placed above a superconductor the magnet will be 
repelled by the superconductor. This makes it possible to levitate 
large objects. Japanese scientists presented a dramatic 
demonstration of this effect in the 1990s. A sumo wrestler stood 
on a large magnetic plate on top of a large superconductor and 
the wrestler and plate floated. A more practical application is 
high speed levitating trains. 


Superfluids 


The specific heat capacity of a substance is a measure of the 
amount of heat energy that needs to be added to the substance to 
produce an increase in temperature. Willem Keesom was a former 
student of Kamerlingh Onnes in Leiden. In 1927, Keesom made a 
discovery concerning the specific heat capacity of liquid helium. 
He found that it became extremely large at a temperature close to 
2.2 K, suggesting a transition to a new liquid state, dubbed liquid 
helium-II. A graph of the specific heat versus temperature looked 
like the Greek letter lambda, and so this was dubbed the lambda 
transition. The actual nature of this state of matter was unknown 
for a decade. In 1937, two experimental groups independently 
discovered that helium-II was a superfluid, a fluid that can flow 
freely without any resistance. One group was John Allen and Don 
Misener. The second group was led by Kapitsa. 


Water flows much faster than honey, which is said to be more 
viscous. Viscosity is the physical property of a fluid that is a 
measure of its resistance to flow. We are most familiar with 


helium as a gas that is used in party balloons. Helium gas has a 
smaller density than air and so tends to rise. As Kamerlingh 
Onnes discovered, if helium gas at atmospheric pressure is cooled 
down to 4 K it becomes liquid. If the pressure is lowered further, 
the temperature drops further, and the liquid continues to boil. 
Something quite unexpected happens at temperatures below 2.17 
K. The bubbling associated with boiling suddenly stops and the 
liquid becomes completely calm. Further experiments reveal even 
stranger properties. The liquid can climb up the walls of a 
container, a behaviour known as helium creep (Figure 5). In the 
new state fluid flows without friction (viscosity). For 
temperatures greater than 2.17 K, liquid helium cannot pass 
through a filter composed of finely ground powder. However, 
below 2.17 K, the fluid can pass without any resistance through 
the filter. The liquid helium is said to be a superfluid, a distinct 
state of matter. Kapitsa desperately wanted Landau out of prison 
so he could explain this phenomenon. 


5. Superfluidity. When a U-shaped container is placed in a bath of 
superfluid helium, the liquid will climb up the outside walls of the 
container and fill it. 


There are two types, or isotopes, of helium atoms in the universe. 
The most common one is denoted 4He and has an atomic nucleus 
consisting of two protons and two neutrons. In contrast, 3He has 
only one neutron, and is extremely rare, mostly being found 
inside stars. One scientific benefit of the development of nuclear 
weapons was that it became possible to produce relatively large 
quantities of 3He gas on earth. Scientists then cooled the gas 
down until it became liquid. Below temperatures of about 1 K 
liquid He has different properties from liquid 4He. In particular, 
collectively the 3He atoms move around and act in a manner that 
has many similarities to how the electrons in a metal behave. 
Landau had this important insight. This difference between the 
physical properties of liquids of the two isotopes (3He and 4He) is 
due to profound reasons, arising from quantum theory. 
Fundamental particles, such as electrons, protons, and neutrons, 
can only be of two types, known as bosons and fermions. 
Electrons and 3He atoms are fermions, which means that two of 
them cannot be in the same quantum state. In contrast, any 
number of bosons, such as “He, can be in the same quantum 
state. If the total number of protons and neutrons in the nucleus 
of an atom is an even (odd) number, then the atom is a boson 
(fermion). Hence, 4He atoms are bosons, while 3He atoms are 
fermions, respectively. 


Liquid 3He does become a superfluid, but only at temperatures 
below a few milliKelvin. Furthermore, there are three distinct 
superfluid states, and they all have richer properties than 
superfluid 4He. These states of 3He can be viewed as 
combinations of a superfluid, a ferromagnet, and a liquid crystal. 
A phase transition of liquid 3He was discovered in 1972 at a 
temperature of a few milliKelvin, using a method like the cooling 
experiment represented in Figure 4. It was thought at first that 
the new state was a magnetic solid state not a superfluid state. 


Regardless of this incorrect identification, Doug Osheroff, the 
Ph.D. student who made the discovery, was still awarded a Nobel 
Prize. 


In 1995, gases of very low density were cooled down to low 
temperatures of a few nanoKelvin (one-thousandth of one- 
millionth of a degree). At these mind bogglingly low 
temperatures the gases were discovered to be a superfluid, known 
as a Bose-Einstein Condensate, that occurs in a gas of bosons. At 
the other end of the temperature scale, the interior of neutron 
stars, in which matter is extremely dense, becomes superfluid 
when they cool below about one billion degrees Kelvin. 


Later we will see that some properties of superfluids and 
superconductors manifest the weirdness of quantum theory. The 
analogues between liquid 3He and metals, and between 
superfluids and superconductors, are rather surprising because 
metallic and superconducting behaviours mostly occur in solids 
not liquids. This is an example of the universality associated with 
emergent phenomena (materials that are very different at the 
atomic scale can be in the same state of matter) and partly why 
solid state physics was renamed condensed matter physics. It is 
not just about solids, but liquids as well. 


Tourist maps for states of matter 


Our everyday experience occurs at temperatures around 20 °C 
and air pressures of about one atmosphere (14.7 psi in terms of 
the units of pressure often used for inflating car tyres). We make 
statements such as the following. Copper is a metal and a solid. 
Mercury is a metal and liquid. Hydrogen is a gas. Carbon dioxide 
is a gas. Iron is a solid, a metal, and magnetic. However, when 
the temperature or pressure applied to a material is changed it 
can enter a different state of matter. Mercury can become a 
crystal. Helium can become liquid. 


If you want to find your way around a city or through a forest a 


map is helpful. It tells you what you will find where and how 
different things are located relative to one another. Phase 
diagrams are like maps for states of matter: a picture (two- 
dimensional plot) that indicates which state is stable at different 
temperatures and pressures. They show under what conditions 
transitions between different states (phases) can occur. An 
example of a phase diagram is shown in Figure 6. It also provides 
a convenient way to represent information about how the melting 
and boiling temperatures vary with external pressure. Although 
chemists can make thousands of distinct compounds, many of 
their phase diagrams have a similar structure to that shown in 
Figure 6. For example, the diagrams for water, carbon dioxide, 
nitrogen, and ammonia are basically the same. The only thing 
that changes from one material to another is the values of the 
temperatures and pressures at which specific features in the 
diagram (such as the critical point) appear and the slopes of the 
lines. 
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6. Typical phase diagram of a pure material. It shows under what 
conditions (temperatures and pressures) the different states (solid, 
liquid, gas) are stable. Along the lines two states can coexist. The 
line between the solid and liquid states shows how the melting 
temperature varies with pressure. 


I should explain what I mean by a state of matter being ‘stable’ at 
a specific temperature and pressure. Take some ice out of your 
freezer and place it in a glass in your warm kitchen. The ice will 
eventually melt and reach the same temperature as your kitchen. 
The water is then said to have come to thermal equilibrium with 
its environment (the air in the kitchen). After that nothing 
changes, that is, the state of the water is stable. Now consider 
steam that rises from a boiling saucepan of water and hits a 
surface in the kitchen. The steam will condense, become liquid 
water. At room temperature and pressure, if you wait long 
enough any sample of water will eventually become liquid. Under 
these conditions liquid is always the stable state of water. On the 
other hand, inside your freezer, if you wait long enough any 
liquid water will become ice. Below 0 °C the stable state of water 
is solid. 


The information encoded in phase diagrams reflects an important 
fact about the material world. If you take a specific substance, 
whether water or carbon, and fix the external conditions such as 
temperature and pressure, then the substance must always be in 
the same state and have the same properties. This is regardless of 
where in the universe the material is located, how large the 
sample of material is, or what the previous history of the sample 
is. All the physical properties are determined: density, 
compressibility, electrical conductivity, heat capacity, and so on. 
This universality is of practical significance. A scientist can 
measure these properties a single time and tabulate them for 
future reference. Engineers make use of such tables of 
experimental data for designing a host of industrial processes 
such as refrigeration, power generation from steam turbines, 
engines, and distillation. 


On the phase diagram shown in Figure 6 the point at the end of 
the line denoting the boundary between the liquid and gas states 
is denoted the critical point. Above this point there is no 
qualitative difference between liquid and gas states. On many 
phase diagrams there is such a point at the end of the line 
between two distinct states of matter. Critical points are so 
interesting and important for the conceptual development of 
condensed matter physics that they will be the subject of a whole 
chapter. 


Something sublime 


Figure 6 shows that there is a single temperature and pressure 
for which solid, liquid, and gas can coexist. This point on the 
phase diagram is known as the triple point. For pure water this 
occurs at a pressure of 0.006 atmospheres and a temperature of 
0.01 °C. Below this pressure a solid does not melt, but rather 
undergoes a direct transition from the solid state to the gas state. 
This is known as sublimation. 


Sublimation is the physics behind ‘dry ice’, which is actually solid 
carbon dioxide. When warmed above -78.5 °C the ‘ice’ is not 
‘wet’ (liquid) because it transforms directly to gas. Sublimation of 
carbon dioxide occurs at normal atmospheric pressure because 
the triple point of carbon dioxide is larger than atmospheric 
pressure. 


Sublimation is used in the preparation of freeze-dried food. 
Sublimation can be used to remove the water from food to 
preserve it for later use. The food is first frozen at atmospheric 
pressure. This traps the water in the food as ice. This frozen food 
is then placed in a ‘vacuum’, really a container with air pressure 
less than that of the pressure of the triple point of water. The 
food is then heated, and the solid water trapped in the food 
sublimates, escaping from the food as vapour. Thus, the food is 
dried. The food is then taken out of the vacuum. When someone 
wants to eat the food, they place it in liquid water and the freeze- 


dried food absorbs water and returns to its original state. 


Phase diagram of carbon 


Just like water and carbon dioxide, pure carbon can be found in 
solid, liquid, and gas states. However, as discussed in Chapter 1, 
carbon has two distinct solid states: diamond and graphite. The 
phase diagram of pure carbon (Figure 7) shows that diamond is 
only stable at very high pressures, about 15,000 times 
atmospheric pressure. This seems to go against our everyday 
experience but the reason is that diamond is ‘meta-stable’ at 
atmospheric pressure. If we wait long enough it will convert to 
graphite. However, that ‘long enough’ is actually billions of years. 
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7. Phase diagram of pure carbon. It has two distinct solid states, 
graphite and diamond. The gas phase occurs at higher 
temperatures than shown on this figure. The vertical scale is 
pressure in units of 1,000 atmospheres (kbar) and the horizontal 
scale is temperature in absolute temperature (Kelvin). 


The phase diagram of carbon can help answer several interesting 
questions. Under what conditions can we make artificial 
diamonds? Under what conditions were natural diamonds 
formed? Where might miners look for natural diamonds? 


The phase diagram shows that graphite (which is cheap and 
abundant) can be converted into diamond (which is valuable and 
rare) by applying pressures greater than 15,000 times 
atmospheric pressure. This is the basis for making artificial 
diamonds in a laboratory. But it turns out to be hard, expensive, 
and slow as the pressures required are so large. Indeed, until 
recently such high pressures were at the limits of what could be 
created in a laboratory. 


Natural diamonds are formed deep underground, more than 150 
kilometres below the surface of the earth, where the pressures are 
large enough due to the weight of all the rocks above. 
Fortunately, miners do not have to dig this deep to find 
diamonds, as the deepest mine in the world is only four 
kilometres deep. Due to volcanic eruptions some diamonds have 
been pushed much closer to the surface of the earth. 


There are many more phase diagrams I could describe: different 
kinds of magnets, mixtures of different fluids such as alcohol and 
water, the quark—gluon plasma in the early universe, and 
different forms of liquid crystals. Chemical engineers and 
materials engineers spend a lot of time constructing, studying, 
and using phase diagrams. This is because they are useful for a 
wide range of technological applications such as refrigeration, 
distillation, and production of alloys like steel (a solid mixture of 
iron and carbon). Fluids in the supercritical state—the state that 
occurs at pressures and temperatures above the critical point— 
are used to decaffeinate coffee and to reduce carbon dioxide 
emissions from coal-powered electricity plants. 


This chapter has introduced several key ideas. Different states of 
matter have qualitatively different physical properties. Even for 


materials that are composed of just one or two types of atoms 
they can form many different states of matter. It is not just solid, 
liquid, and gas. Transitions between distinct states are defined by 
abrupt changes in properties. Phase diagrams encode which state 
of a material is stable under specific external conditions such as 
temperature and pressure. 


Just like zoologists and botanists, condensed matter physicists 
classify things. In the next chapter we consider the concept of 
symmetry as it is key to characterizing the qualitative difference 
between different states of matter. 


Snowflakes form incredibly diverse structures, seen when they 
condense onto a plate of glass. Every snowflake is different. On 
the other hand, every snowflake is the same. They are all 
composed of ice, a solid state of water. Every snowflake is 
composed of units that have a sixfold symmetry (Figure 8). Every 
snowflake is composed solely of water molecules. This paradox of 
the particular and the universal is at the heart of condensed 
matter physics. Although diversity prevails anything is not 
possible. No snowflake has fivefold symmetry. Snowflakes have 
enchanted scientists for a long time. The astronomer Johannes 
Kepler studied them and in 1611 wrote a small book about them 
as a gift for his patron. Kepler suggested snowflakes provided 
clues to deeper questions about the composition of matter. 
Today, Kenneth Libbrecht, a physicist at Caltech, has spent most 
of his career studying snowflakes and has produced beautiful 
volumes of photographs of them. 


8. A snowflake shows a sixfold symmetry, just like a hexagon. The 
snowflake appears identical when it is rotated by an angle of 60 
degrees about an axis passing through its centre and perpendicular 
to the page. 


Condensed matter physicists ask several questions about 
snowflakes. What is the reason for the sixfold symmetry of the 
snowflake? What is the connection between the macroscopic 
properties of snowflakes and the properties of the underlying 
microscopic constituents, molecules of H20? How is the diversity 
of snowflake shapes possible? Is there a phase diagram that 
defines the external conditions under which the different shapes 
form? 


There is a long history in art, architecture, philosophy, and 
science, of associating symmetry with beauty and perfection. The 
ancient Greek philosopher Plato was a proponent of this view. He 
studied a particular class of solid shapes: cube, tetrahedron, 
octahedron, icosahedron, and dodecahedron. Plato identified the 
first four shapes with the four ‘elements’: earth, wind, fire, and 
water, respectively, and the fifth with the heavens. Each of these 
solid shapes is highly symmetric. Every face of a Platonic solid is 


the same shape (square, triangle, pentagon...) and each of those 
shapes has edges of equal length. 


Like Plato, Kepler believed that ‘God is a geometer’ and that 
God’s creation should reflect the perfection of God. These 
convictions led Kepler to propose in 1597 that the orbits of the 
planets around the Sun were circular and that the Platonic solids 
determined the relative size of the orbits. Later this model for the 
solar system was shown not to be true. In fact, Kepler himself 
became famous because he showed that the planets moved in 
elliptical, not circular orbits. Nevertheless, Kepler’s model was 
the beginning of a long history of successfully relating physical 
laws to symmetry and geometry. 


A key discovery in physics from the past century is that symmetry 
is central to understanding a wide range of physical phenomena, 
whether colliding billiard balls, the allowed energies of an atom, 
the fundamental forces of nature, or different states of matter. 
Symmetries determine what is physically possible. For example, 
that energy cannot be created or destroyed is a consequence of 
the fact that physical laws do not change with time. 


In this chapter I explore three key ideas. First, transitions 
between different states of matter are associated with changes in 
symmetry. Thus, symmetry provides a criterion for specifying the 
qualitative difference between distinct states of matter. Second, 
for a specific state of matter the relevant symmetry constrains 
what is physically possible. Third, symmetry is central to making 
connections between the macroscopic and microscopic properties 
of a state of matter. The next chapter will explore how symmetry 
is associated with the type of ordering that occurs in a state of 
matter. 


The symmetry of an object is defined by the set of 
transformations (such as rotations and reflections) that leave the 
object looking just the same. Figure 9 shows specific objects that 
do not change when rotated by particular angles or when 
reflected in a mirror. These are examples of discrete symmetries. 


The objects only appear the same when rotated by specific 
angles. In contrast, a circle appears the same when rotated by any 
angle, and so is said to have a continuous rotational symmetry. 
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9. Examples of discrete symmetries. The objects at the top appear 
the same if they are rotated by specific discrete angles. For 
example, the playing card looks identical if rotated by 180 degrees. 
The objects on the bottom are unchanged if they are reflected 
through a vertical line that passes through the centre of the object. 


Crystals 


Naturally occurring minerals are often found as crystals and have 
fascinated collectors for centuries. Crystals such as diamond, 
sapphire, ruby, and amethyst are used in jewellery. The best 
crystal specimens have clean flat surfaces, like the quartz crystals 
shown in Figure 10. 
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10. Crystals of quartz. Note the flat surfaces. Quartz crystals are 
found in two different forms, known as left- and right-handed. The 
two forms are the mirror images of each other. 


Crystallography, the science of crystals, has a long history. In 
1669, based on his studies of quartz crystals, Nicolas Steno 
proposed that ‘the angles between corresponding faces on crystals 
are the same for all specimens of the same mineral’. That would 
indicate that samples of different minerals might appear different 
but that on a smaller scale they all had the same underlying 
structure. One hundred years later, René Just Haüy accidentally 
smashed crystals of the mineral calcite and observed that the 
fragments always had the same form as the original crystal. This 
suggested that crystals are composed of some type of repeat unit, 
such as a cube or hexagonal prism. In other words, crystals 
involve a repeating pattern. If a crystal is infinitely large, then 


moving (translating) it by a distance the size of the repeat unit 
leaves the crystal looking the same. Hence, translating the 
infinite crystal by any integer multiple of the size of the repeat 
unit leaves the crystal looking the same. This is known as a 
discrete translational symmetry. 


Symmetry limits the number of distinct ways that repeat units 
can be arranged in a crystal. The mathematics of repeating units 
was worked out by August Bravais and Arthur Schoenflies in the 
19th century. Bravais considered infinite sets of discrete points 
with translational symmetry, now known as Bravais lattices. 
Bravais and Schoenflies showed that if translational symmetries 
are combined with other discrete symmetries such as rotations 
and reflections, there are only a limited number of possible 
repeat structures. For example, in two dimensions there are only 
five possible Bravais lattices: those shown in Figure 11. A lattice 
with fivefold symmetry is not possible. This is related to the fact 
that one cannot cover the plane with pentagons without leaving 
spaces. In three dimensions, there are 14 possible Bravais lattices. 
Symmetry constrains what is allowed. 
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11. The five distinct Bravais lattices in two dimensions. They differ 
by the amount of rotational symmetry. The rectangular, square, 


and hexagonal lattices have two-, four-, and sixfold rotational 
symmetry, respectively. The centred lattice has twofold symmetry, 
and the oblique lattice has no rotational symmetry. 


At the beginning of the 20th century, a fundamental question 
was: what are the repeat units in a crystal? The hypothesis that 
everything is made of atoms was largely accepted, particularly by 
chemists, and so it was considered reasonable that crystals were 
periodic arrays of atoms. However, at that time there was no 
definitive evidence for the actual existence of atoms. Some 
scientists such as Ernst Mach considered atoms a convenient 
fiction. After Einstein’s theory of Brownian motion in 1905 and 
experiments of Jean Perrin in 1908, most scientists accepted the 
reality of atoms. But Mach still held out. The year 1912 saw the 
development of a revolutionary new method to actually ‘see’ the 
atoms inside a crystal. After that, there was no doubt that crystals 
were periodic arrays of atoms. 


X-ray crystallography 


In 1912 Max von Laue shone a beam of X-rays on a crystal of zinc 
sulphide and observed discrete spots on a photographic plate 
placed behind the crystal. This was taken to be evidence that the 
X-rays were waves rather than particles, and were diffracted off 
the atoms in the crystal. X-rays are waves of electromagnetic 
radiation, just like light and microwaves. Waves are diffracted by 
a crystal, the process where a wave is scattered by each of the 
atoms in the crystal. These scattered waves interact with one 
another to produce a wave that leaves the spots on the 
photographic plate. These spots arise because of constructive 
(destructive) interference whereby the X-ray intensity at a 
particular point on the photo increases (decreases). 


The relative arrangement of the atoms in a crystal can be 
determined from X-ray diffraction for the following reasons. 
There are only a finite number of distinct crystal structures 
allowed by symmetry. Each of the 14 allowed Bravais lattices is 


associated with a unique X-ray diffraction pattern. Thus, from the 
diffraction pattern one can determine the Bravais lattice. A single 
atom of a particular chemical element diffracts X-rays in a unique 
way, for instance, zinc and sulphur atoms scatter X-rays by 
different amounts. Scientists then work backwards from the X-ray 
diffraction pattern to the crystal structure. 


At the age of 22, Lawrence Bragg developed the relevant 
mathematics to work backwards from Laue’s X-ray diffraction 
pattern to determine the size, geometry, and symmetry of the 
repeat unit for crystals of zinc sulphide. He then worked with his 
father, William Henry Bragg, to determine the crystal structures 
of sodium chloride (common salt) and diamond. 


In The Cambridge Guide to the Material World, Rodney Cotterill 
claims that Laue’s X-ray diffraction experiment ‘can be regarded 
as the most important ever undertaken in the study of condensed 
matter’. When I first read this statement, I thought it was 
overblown; there are so many other important experiments. But I 
now agree with him. Knowing the detailed atomic and crystal 
structure of a material is the first step to address the central 
question of condensed matter physics, ‘How do macroscopic 
properties emerge from microscopic (atomic scale) properties?’ 
And X-ray crystallography has become crucial in many other 
fields of science, including mineralogy, chemistry, and structural 
biology. Most of what is known about molecular biology is based 
on the structures of DNA and proteins that have been determined 
by X-ray crystallography. 


The crystal structure of the most common form of ice (solid water 
at one atmosphere pressure) was proposed in 1935 by the 
chemist Linus Pauling and later confirmed by X-ray diffraction 
experiments. The structure is shown in Figure 12. The repeat 
unit is hexagonal, which is why snowflakes have sixfold 
symmetry. Snowflakes are composed of crystals of water. Each 
one of these building blocks has sixfold symmetry and so does the 
snowflake. Each of the 18 distinct solid states of water has a 
distinct spatial arrangement of the water molecules and a 


corresponding distinct symmetry. 
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12. The crystal structure of the common form of ice. (a) The repeat 
unit with the spatial arrangement of water molecules. Black and 
white spheres represent oxygen and hydrogen atoms, respectively. 
(b) How these units repeat in the crystal structure to produce a 
hexagonal structure. 


The relative arrangement of the carbon atoms in the crystal 
structures of graphite and diamond is shown in Figure 2. Note 
that the two structures have different symmetries. In graphite the 
individual layers have a hexagonal symmetry. In contrast, 
diamond is not layered and has the same translation symmetries 
in all three directions. The symmetry around each carbon atom is 
that of a tetrahedron. Thus, a transition between graphite and 
diamond, which occurs with increasing pressure, is associated 
with a change of symmetry. 


Quasicrystals 


Given that X-ray crystallography is now more than 100 years old, 
one might expect the field to be a bit boring and predictable. 
However, condensed matter physics is full of surprises. An 
example is an unexpected discovery in the early 1980s. Dan 
Shechtman was studying alloys of aluminium and manganese and 


performing diffraction experiments to determine their structure. 
He observed a very sharp diffraction pattern, shown in Figure 
13, with a surprising property: fivefold symmetry. As noted 
earlier, this is forbidden for a crystal. None of the Bravais lattices 
shown in Figure 11 have fivefold symmetry. The observed 
diffraction pattern was so unexpected that it took Shechtman 
several years to get his results published in a scientific journal. 
Later, it was shown that a structure that is ordered in a way that 
is almost periodic, known as quasiperiodic, can lead to such a 
sharp diffraction pattern. After Shechtman’s discovery it was 
realized that there was a connection to patterns that were 
originally investigated for fun by the mathematical physicist 
Roger Penrose in the 1970s. An example of a Penrose tiling is 
shown in Figure 14. 
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13. Distinct properties of a quasicrystal. (a) Diffraction pattern 
with fivefold symmetry. (b) Faces that are pentagons. Both of these 
are impossible for a crystal that is composed of a periodic 
arrangement of atoms. 
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14. Penrose tiling of the plane. Two distinct shapes (tiles) are used 
to completely cover the plane without any gaps. Note that there 
are small regions with fivefold rotational symmetry, but the whole 
tiling does not have fivefold symmetry. The tiling does not quite 
have translational symmetry. It is not periodic but quasiperiodic. 


Shechtman had discovered a new state of matter, a quasicrystal. 
In 1992 the International Union of Crystallography revised their 
definition of a crystal. A crystal is no longer defined as a periodic 
arrangement of atoms, but rather a material that gives a sharp 
diffraction pattern. In 2011 the Nobel Prize in Chemistry was 
awarded to Shechtman. 


Continuous symmetries 


If a square is rotated by an angle of 90, 180, or 270 degrees it 
appears the same. It has a discrete fourfold symmetry. In 
contrast, a circle can be rotated by any angle between zero and 
360 degrees, a continuous range of values, and it will look the 
same. A liquid or gas has continuous rotational symmetry. If an 
observer is inside a huge volume of the fluid, it looks the same in 
every direction. A fluid also has continuous translational 
symmetry. It does not matter where an observer is placed inside 
the fluid, it looks the same at every point. 


When a liquid freezes and becomes a crystal the symmetry of the 
system changes. In particular, the continuous translational and 
rotational symmetries of the fluid are reduced to the discrete 
translational and rotational symmetries of the crystal. A liquid 
crystal is associated with discrete rotational symmetries and 
continuous translational symmetries. 


Macroscopic properties reflect microscopic symmetries 


The changes in symmetry at the microscopic level that are 
associated with a distinct state of matter have consequences at 
the macroscopic level. Symmetry not only constrains what crystal 
structures are possible, but also constrains the properties of the 
crystals at the macroscopic scale. 


In a fluid (gas or liquid) there are two ways to distort a cubic 
volume of the fluid. One way is to compress the cube into a shape 
(a rectangular prism) where the lengths of the sides are not 
identical, but the angles between the sides of the shape are still 
90 degrees. A second distortion changes the shape of the cube to 
that of a rhombohedron; the angles are no longer 90 degrees, but 
the lengths of the sides remain the same. Associated with these 
two types of distortions, there are two distinct ways in which 
sound can travel through a fluid. Sound waves in air consist of 
the first type of compression—oscillations in the density and 
pressure of the air occur in the same direction that the sound 
wave travels. A second type of sound wave corresponds to the 


second type of distortion, and is called a shear wave. The two 
types of sound travel at different speeds. An earthquake produces 
both types of waves: pressure waves and shear waves, the latter 
travelling slower. Comparing the two types of waves plays an 
important role in seismology and in ultrasound imaging in 
medicine. 


The different types of sound that can travel through a particular 
crystal are macroscopic manifestations of the specific 
translational and rotational symmetries that the crystal has at the 
microscopic level. The highest symmetry crystal is a cubic crystal. 
It has three distinct types of sound. In a crystal with no rotational 
or mirror symmetry there are many more different sound types. 
Hence, if one measures all the different types of sound in a 
crystal, one can gain information about what the symmetry of the 
crystal is. 


Different states of matter are associated with different 
symmetries. This provides a means to codify the qualitative 
differences between different states of matter. The relevant 
symmetry constrains what is physically possible. Symmetry also 
reflects the connection between the macroscopic and microscopic 
properties of a state of matter. 


The next chapter discusses how the change in symmetry between 
different states of matter can be quantified and how it is related 
to the amount and type of ‘order’ in the specific states. 


Life and the world around us sometimes appears chaotic and 
random. We may feel this way about traffic, weather, economics, 
social change, politics, or our personal relationships. Perhaps that 
is why many yearn for regularity, predictability, order, and 
stability. Science is a search for patterns and order in the natural 
world. Condensed matter physics is about how order emerges 
from disorder. 


This chapter explores how different states of matter are 
associated with different types of ordering of the atoms in the 
material. The symmetry of the state reflects the type of ordering, 
that is, the patterns associated with the state. There is also a 
rigidity associated with the ordering and the rigidity determines 
the nature of the deviations from perfect ordering and results in 
entities such as vortices that are central to the physical properties 
of the state of matter. 


The association of a state of matter with a specific type of 
ordering is illustrated in Figure 15 by an analogy involving 
dodgem bumper cars at an amusement park. A quiet day at the 
park is not much fun as collisions between cars are rare. In other 
words, there is little correlation between the relative locations 
and speeds of the cars. In comparison, on a busy day at the park 
the spatial separation of the cars is small, and their positions and 
speeds are more correlated with one another than on a quiet day. 
But, in both cases, there is no ordered arrangement of the cars. In 
contrast, after the park closes the cars are parked and arranged in 


an orderly manner. There is a rigidity associated with their 
spatial arrangement. One car cannot be moved without moving 
others. These three states of the dodgem cars are analogues of 
three states of matter: gas, liquid, and crystal. 
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15. An analogy between three different arrangements of dodgem 
cars at an amusement park and three different states of matter: 
crystal, liquid, and gas. The only ordered arrangement is for the 


crystal (park after hours) and this is associated with a specific 
symmetry and rigidity. The liquid and gas (busy and quiet day) 
only differ in density and the amount of correlation between the 
positions of the different atoms (dodgem cars). 


In the analogy using dodgem cars, there are other possible types 
of ordering. In some amusement parks there is a track, and the 
cars are meant to all go in the same direction. The symmetry 
between clockwise and anti-clockwise of the track is then broken. 
In the car park, Figure 15 shows cars that are symmetrical with 
respect to front and back. However, real cars have a front and 
back, and so can be parked either front first or back first. Hence, 
several types of ordering are possible: all cars park back first, all 
cars park front first, cars are front first or back first at random, 
alternating patterns of front first and back first as one goes along 
a row, alternating rows of front first and back first, and so on. 
These different types of ordering in the car park all have 
analogues in different solid states of matter. 


Liquid crystals involve unique types of ordering. These materials 
are composed of elongated organic molecules, such as those 
shown in Figure 16. At high temperatures the material is in a 
liquid state and the orientations and positions of the molecules 
are random. The liquid has both continuous translational and 
rotational symmetry. At low temperatures the molecules form a 
solid crystal without the continuous translational and rotational 
symmetry of the liquid state. As the crystal is heated the 
temperature increases and there is a phase transition to the liquid 
crystal state, in which all the molecules point in the same 
direction, but their positions are random. Hence, the liquid 
crystal state has the continuous translational symmetry of the 
liquid, but not its continuous rotational symmetry, like the 
crystal. As the temperature increases further there is a transition 
to the liquid state (Figure 16). In terms of the analogy using 
dodgem cars the liquid crystal state is similar to when cars park 
in a field all pointing in the same direction but there are no grid 
lines, and their positions are then random. 
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16. Liquid crystals. (a) An example of the type of elongate organic 
molecule found in these materials. Fach molecule can be 
represented by an oval shape. (b) In the nematic liquid crystal 
state, the molecules tend to point in the same direction, but their 
positions are random. 


The existence of a state in between a liquid and crystal was first 
proposed in 1888 by botanist and chemist Friedrich Reinitzer 
who was doing research on cholesterol at the Institute for Plant 
Physiology in Prague. He performed a heating experiment similar 
to that described in Figure 4. Instead of one melting transition he 
observed transitions at two distinct temperatures. 


There are multiple alternative orderings for liquid crystals with 
names such as nematic, smectic, chiral nematic, discotic, and 
chlorestic. In the smectic phase molecules form layers of oriented 
molecules. The character of the liquid crystal state can be 
detected by shining polarized light on the material. Liquid crystal 
displays (LCDs) in electronic devices use the property that an 
electric field can orient the molecules, and this changes the 
interaction of the material with polarized light. 


For solid crystals the nature of the ordering and the symmetry 
associated with a specific crystal structure is clear once the 
spatial arrangements of the atoms in the crystal are determined, 
such as by X-ray diffraction. For other states of matter, such as 
superconductors, superfluids, and antiferromagnets, the nature of 
the ordering and the symmetry is often not apparent and has only 


been determined with significant scientific insight. 


Magnetic order 


The type of magnetism that occurs in solid iron is known as 
ferromagnetism. The prefix ferro is derived from the Latin word 
ferrum for iron. To understand the nature of ferromagnetism and 
the associated order and symmetry it is worth recalling the basic 
nature of magnets, familiar from school science classes (Figure 
17). Iron magnets are associated with a definite orientation; they 
have a ‘north pole’ and a ‘south pole’, and when two magnets are 
placed close to one another, unlike poles attract and like poles 
repel one another. This is why a compass needle that is placed 
near a magnet will settle at a direction parallel to the direction of 
the magnetic field produced by the magnet. A steel needle or 
paperclip contains iron but is not magnetic unless it is placed in 
contact with a magnet. The steel needle is composed of many 
spatial regions called domains; in each domain the magnetism is 
oriented in a specific direction, but this direction is different in 
different domains and their magnetic effects tend to cancel one 
another out. However, rubbing the needle on the magnet aligns 
all these directions so that the needle becomes magnetic. Each 
domain is also composed of large numbers of sub-regions, each 
with a particular magnetic direction. 
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17. Ferromagnetic order. (a) In a common magnet, ferromagnetism 
is associated with a particular direction, denoted by a north and a 
south pole. Opposite (like) poles of two magnets attract (repel) one 


another. (b) A piece of a ferromagnetic material may contain many 
different domains, each of which has a particular magnetic 
direction. If these domains are randomly oriented, they can be 
aligned in the presence of a large external magnetic field. (c) Ina 
non-magnetic state the atomic magnetic dipoles are oriented in 
random directions (left). The order in the ferromagnetic state is 
that the dipoles are oriented in the same direction (right). 


This subdivision of the magnetism goes down to the level of the 
individual iron atoms that make up the material. Each atom is 
actually like a tiny compass needle, with a particular direction 
and magnitude of magnetism, known as the magnetic dipole. This 
is due to all electrons having a ‘spin’ and is described by quantum 
theory. The magnetism of a single domain is the sum total of the 
magnetism associated with all of the iron atoms in the domain. 
Ferromagnetic order occurs when all these atomic ‘compass 
needles’ do not point in random directions, but a finite fraction of 
them point in the same direction. This is similar to how in a car 
park there may be a majority of cars that are reverse parked. 


Magnetic order similar to that in iron is also found in a wide 
range of materials and is still called ferromagnetism. It is one of 
many different distinct states of magnetism that have been 
discovered. They include antiferromagnetism, ferromagnetism, 
canted antiferromagnetism, and ferrofluids. In a single material 
transitions between some of these different states can be induced 
by changing temperature, pressure, or the strength of an external 
magnetic field. The different magnetic states are associated with 
different orderings of the directions of the magnetic dipoles 
relative to one another. For example, in antiferromagnetism the 
dipoles of neighbouring atoms point in opposite directions. 
Finding what these relative arrangements are can be achieved by 
scattering an intense beam of neutrons off a sample of the 
material. This was not possible until the 1950s when nuclear 
reactors were used to produce the necessary beams of neutrons. 
Like the production of large amounts of helium isotopes, this was 
another scientific benefit of the development of nuclear weapons. 


If a block of iron is heated the strength of the magnetism 
decreases with increasing temperature until at a temperature of 
770 °C (1043 K) the magnetism completely disappears. At room 
temperature the rare earth metal dysprosium is not magnetic. 
However, if it is cooled down to a temperature of 88 K it becomes 
magnetic. All ferromagnets have this property: at a particular 
temperature, called the Curie temperature, there is a transition 
between magnetic and non-magnetic states. Magnetism can also 
be induced in these materials by placing them in the presence of 
an external magnetic field. On a phase diagram of magnetic field 
versus temperature, the point on the diagram at zero magnetic 
field and the Curie temperature is a critical point, just like that 
for the liquid—gas transition. At temperatures larger than the 
Curie temperature there is no magnetic order as the atomic 
magnets all point in random directions. 


Back to the USSR 


Lev Landau was introduced in Chapter 1 as the first condensed 
matter theorist with papers that he published in 1937. Landau 
made notable contributions in all areas of theoretical physics, not 
just condensed matter. There are more than 20 results, equations, 
or phenomena that bear Landau’s name. For Landau’s 50th 
birthday his colleagues presented him with two tablets inscribed 
with ‘Landau’s ten commandments’ (his 10 most significant 
mathematical equations). With his former student, Evgeny 
Lifshitz, Landau co-authored a classic 10-volume series, Course in 
Theoretical Physics, that is still a standard reference. In the USSR, 
Landau founded a School of Theoretical Physics that produced a 
plethora of distinguished theoretical physicists. Tragically, 
Landau’s scientific career ended after a car accident when he was 
52 years old. He died six years later from associated injuries. 


Landau’s papers in 1937 were concerned with developing the 
simplest possible theory that could describe the properties of a 
material near a critical point in the phase diagram, such as that 
associated with a liquid—gas transition or a ferromagnet. A key 


assumption that Landau made was that most of the microscopic 
details, such as the chemical composition of the material, are not 
relevant. Landau introduced an order parameter to quantify the 
amount of ordering present and the symmetry of the ordering. 
The order parameter varies with temperature and other external 
parameters such as pressure or magnetic field. The order 
parameter only has a non-zero value in the ordered state. Landau 
wrote down the simplest form for the energy of the system as a 
mathematical function of the order parameter. Symmetry 
significantly constrains the possible forms for this function. The 
form is qualitatively different for temperatures above and below 
the critical temperature. From his theory, Landau obtained 
mathematical expressions for how the order parameter varies 
with temperature and how there should be an abrupt change in 
the specific heat at the critical temperature. What was 
particularly important was the idea of universality: that most of 
the microscopic details did not matter and that a wide range of 
materials and states of matter should have similar properties. The 
ideas in this paper of Landau were foundational for the important 
ideas about the critical point and universality that are discussed 
in Chapter 6. 


A significant application of Landau’s approach to ordering and 
phase transitions came in 1950. Vitaly Ginzburg and Landau 
proposed a theory that could describe many of the properties of 
superconductors, including how they behaved in the presence of 
a magnetic field, in thin films, and how a large electrical current 
could destroy the superconductivity. Although the Ginzburg- 
Landau theory could explain a wide range of superconducting 
phenomena, it left many questions unanswered, including the 
actual nature and origin of the ordering associated with the 
superconducting state. 


A key concept in Landau’s theory is spontaneous symmetry 
breaking. In some systems the most symmetrical state is unstable 
and so the system will spontaneously relax to a state with less 
symmetry. This can occur even though the components of the 
system and the interactions between them have the full 


symmetry. This can be illustrated by an example given by Frank 
Close in his book Lucifer’s Legacy: The Meaning of Asymmetry. 
Imagine that you are at a dinner party and seated with a group of 
people around a circular table. On each side of you there is a 
napkin (a serviette in some countries). All guests and napkins are 
equally spaced apart. Which napkin will you take? Left or right? 
The system has left-right symmetry. At some point one dinner 
guest decides and picks up the napkin on their left, leading to 
both of their neighbours also picking up the napkin on their left. 
This preference for left spontaneously moves through the whole 
system. The original left-right symmetry has been spontaneously 
broken. On the other hand, it is equally likely that the right 
preference could have emerged. 


A surface like a Mexican hat can be used in an analogy to 
illustrate spontaneous symmetry breaking (Figure 18). The 
surface does not change when it is rotated by any angle with 
respect to a vertical axis that passes through its centre. Thus, the 
hat has a continuous rotational symmetry. If a ball is placed on 
the top of the hat, the whole system (ball plus hat) also has this 
rotational symmetry. However, this state is unstable, and the ball 
will spontaneously roll down into a stable location in the trough 
of the hat, as shown by the arrow. The state of the system then 
breaks the rotational symmetry. Note that the ball could roll in 
any direction and so there are an infinite number of possible 
stable states. 
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18. A mechanical system that is an analogue of spontaneous 
symmetry breaking. 


Landau’s theory can be illustrated using this analogy. The order 
parameter is represented by the horizontal coordinates of the ball 
and the energy of the system is represented by the vertical 
coordinate of the ball. When a system is at a temperature less 
than the critical temperature the relevant surface is like a 
Mexican hat. In contrast, when the temperature is greater than 
the critical temperature the surface is like a dish where the ball 
stays at the centre. 


Landau’s theory is beautiful, both for its simplicity and its 
unifying power. It provides the paradigm to understand the 
plethora of states of matter that have been discovered. The value 
of the order parameter is specified by a finite set of numbers. In 
the analogy shown in Figure 18, there are two numbers: the 
horizontal coordinates of the ball. I now briefly discuss some 
specific examples of order parameters. 


For superconductors and superfluid 4He the order parameter is 
specified by two numbers. For a ferromagnet three numbers are 
needed to specify the order parameter. These three numbers can 
be used to represent the direction and length of an arrow and 
specify the direction of the magnetic dipoles of the atoms in the 
ferromagnet. There are other types of ferromagnets where the 
arrow must lie within a plane or along a single direction in the 
crystal, due to interactions of each atom with the surrounding 
atoms in the crystal. 


In the nematic liquid crystal state, the order is defined by the 
alignment of the molecules (shown as ovals in Figure 16). 
However, unlike in ferromagnets, there is no up-down distinction 
and so the order parameter is not an arrow, but a line with a 
direction but no arrowhead. This is like the car park in Figure 15 
where cars have an orientation but the front and back are 
identical. 


Antiferromagnetism is a state of matter that occurs in crystals of 
many oxides of transition metals, such as nickel oxide. It is 
similar to a car park where the cars are in an alternating pattern 
of front end in and back end in. The magnetic atoms in the 
crystal can be divided into two different classes, A and B, and 
each class is associated with a particular subset of sites in the 
crystal. There are equal numbers of atoms in the two classes. All 
of the atoms are magnetic and have an arrow associated with 
their magnetism. At the A sites the arrows point in the opposite 
direction to the arrows at the B sites. Thus, the whole crystal has 
no net magnetism, but there is still magnetic order. The order 
parameter for an antiferromagnet is defined to be the difference 
between the direction of the arrows on the A sites and of the 
arrows on the B sites. Louis Neel proposed the existence of the 
antiferromagnetic state in the 1930s and was awarded the Nobel 
Prize in Physics in 1970. 


There are three distinct superfluid states in 3He, creatively known 
as A, Aj, and B. They can be viewed as a combination of 
superfluid, ferromagnet, and liquid crystal. Eighteen numbers are 


required to specify the state. The order parameters of the A and B 
states were deduced by Tony Leggett within a few years of the 
discovery of superfluidity. In my Ph.D., I investigated how 
ultrasound could be used to probe the 18 different ways that the 
order parameter can oscillate. 


Rigidity of ordered states 


An intuitive idea of what distinguishes a solid from a liquid is 
that of rigidity. A solid keeps its shape, whereas a liquid does not. 
You have to keep liquids in containers. Rigidity is related to how 
easy it is to distort a crystal away from a perfect shape, to 
compress it, stretch it, or to twist it. These distortions change the 
order and symmetry in the crystal. The distortions move the 
atoms away from their periodic arrangement. 


The concept of rigidity has a natural generalization to other 
states of matter and is useful for understanding their properties. 
The generalized rigidity is a measure of how much energy is 
required to change the value of the order parameter in one part 
of the system relative to another. 


In a material that is in a particular state with an associated order 
and symmetry, the system will not be perfectly uniform, either 
spatially or chemically. For example, a crystal of diamond may 
have defects such as a single carbon atom missing at a particular 
location, or where there is a phosphorus atom instead of a carbon 
atom. Such defects are of practical significance. The colour of 
most minerals used in jewellery, such as ruby or amethyst, is 
actually not the colour of a perfect crystal of the mineral. Rather 
the colour is due to defects associated with chemical impurities. 
The plasticity and brittleness of metals is largely determined by 
defects known as dislocations, which are associated with 
disruptions of the translational symmetry of the crystal. Figure 
19 shows an example for a two-dimensional crystal where the 
planes of atoms in the crystal are misaligned. 
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19. A defect in a two-dimensional crystal. The middle row of atoms 
on the right ends halfway through this region. In the presence of 
this defect the crystal only has perfect order and translational 
symmetry a long distance from the defect. Moving atoms around 
cannot change the fact that four rows of atoms enter from the left 
and five rows leave to the right. 


Topological defects 


Topology is the study of the properties of curves and surfaces that 
do not change when they are deformed by bending or twisting, as 
opposed to ripping, cutting, or gluing. Smoothly adjusting the 
position of the atoms can change the location of the defect but 
cannot remove it. Hence, it is an example of a topological defect. 
For a three-dimensional crystal, if planes of atoms, such those 
shown in Figure 19, are stacked on top of one another, the 
position of the defect defines a line, and the defect is known as a 
line defect. 


A magician bends a thin tube made from copper and gives it to a 
strongman who is unable to bend it back. This is not magic but 

science. The original tube is made of soft copper and is relatively 
free of defects. Bending the tube creates many line defects. They 


become entangled with one another, just like the strings that 
make up a rope. Bending the tube back is hard because it requires 
untangling these line defects. This phenomenon is known as work 
hardening and is important in metallurgy. 


Earlier the dinner napkin problem was used to illustrate the 
spontaneous breaking of left-right symmetry. Two possible states 
of the system were considered: one where all the diners used the 
napkin on their left, another where they all took the napkin on 
their right. The same system can also illustrate topological 
defects. Besides the all-left and all-right napkin arrangements, 
there is another (less optimal) possible napkin arrangement that 
could emerge when there are a large number of guests. Suppose 
at the same time that one guest picks up the right napkin a 
second guest some distance away picks left, and their neighbours 
follow their lead. This will lead to the table being divided into a 
‘left’ region and a ‘right’ region. At the boundaries between these 
regions two defects emerge: one guest will end up with two 
napkins and another guest with none. 


When water goes down a plughole in a bathtub sometimes it 
forms a whirlpool; in the middle there is no liquid. This structure 
is also known as a vortex. Vortices also occur as topological 
defects in superfluids and superconductors. In a superfluid the 
middle of the vortex, the core, is a normal fluid and the 
superfluid outside the core is a perpetual whirlpool. 


In a particular class of superconductors, known as type II, 
vortices can form when the superconductor is placed in an 
external magnetic field. In the core of the vortex there is no 
superconductivity, the magnetic field penetrates the metal, and 
there is a perpetual whirlpool of electric current outside the core 
(Figure 20). The existence of vortices is a natural consequence of 
the Ginzburg-Landau theory of superconductivity and was first 
shown in 1953 by Alexei Abrikosov, a colleague of Landau in the 
Soviet Union. 


Superconductor 


20. Vortices in a superconductor. When a superconductor is placed 
in an external magnetic field, vortices form. Around the vortex 
there is a perpetual circulating electrical current and inside the 
vortex core the magnetic field penetrates the superconductor. 


Here are two interesting anecdotes associated with Abrikosov’s 
discovery. Landau did not believe that vortices could exist, 
became angry with Abrikosov, and said his work was 
‘pseudoscience’. A discouraged Abrikosov did not publish his 
results, showing the esteem in which Landau was held. However, 
Landau changed his mind in 1955 when Richard Feynman 
showed that vortices could exist in superfluid helium. This led to 
Abrikosov finally publishing his results in 1957. 


Abrikosov’s mathematical analysis showed that the number of 
vortices present in a superconductor would be proportional to the 
magnitude of the external magnetic field, and that the cores of 
the vortices would be arranged in a spatially ordered pattern like 
a square lattice. But Abrikosov made an arithmetic error in his 
calculations and the most stable spatial pattern for the vortices is 
actually hexagonal, not square. This hexagonal pattern was first 
directly observed in an experiment in 1964. Despite these 
setbacks, Abrikosov shared the Nobel Prize in Physics with 
Ginzburg and Tony Leggett in 2003. 


Given the rich structure of the order parameter in the superfluid 
phases of liquid 3He, the topological defects that are possible are 


diverse and complex. For example, the core of vortices can be 
magnetic even though no external magnetic field is present. 
Theorists, including David Mermin and Phil Anderson, considered 
what type of defects would be possible in a droplet of the 
superfluid A phase. They found that at the surface of the droplet 
a defect could exist that causes a superflow to slowly decay. 
Mermin delights in intellectual mischief and named the defect a 
‘boojum’ after a fictional animal that slowly fades away in the 
nonsense poem The Hunting of the Snark, written by Lewis 
Carroll, best known as the author of Alice’s Adventures in 
Wonderland. 


Spontaneous symmetry breaking is also important in other sub- 
fields of physics. It is key to understanding elementary particles 
(such as electrons, protons, pions, quarks, neutrinos, and so on) 
and the relationship between different fundamental forces (such 
as electromagnetism and the weak nuclear force). In 1960, 
Yoichiro Nambu used some similarities between the theories of 
superconductivity and of elementary particles to explain why 
neutrons, protons, and pions have the mass that they do. In the 
following decade, spontaneous symmetry breaking was central to 
the development of the ‘standard model’ for elementary particles 
and fundamental forces. The final piece of experimental evidence 
for the standard model was the discovery of the Higgs boson in 
2012. This is the particle associated with oscillations in the 
Mexican hat potential in the direction perpendicular to the 
circular trough (Figure 18). 


Distinct states of matter are associated with distinct symmetries 
and types of order. Landau’s theory quantifies the type and 
amount of ordering with an order parameter; it is associated with 
spontaneous symmetry breaking. The rigidity of the state 
determines the length scales associated with spatial variations in 
the order parameter. Associated with each kind of order 
parameter there are new entities, including topological defects. 


Everything discussed so far has involved materials that are three 
dimensional. The next chapter explores the world of two 


dimensions, dubbed ‘Flatland’ after the novella about two- 
dimensional life by Edwin Abbott, and the new states of matter 
found there. 


In everyday life we think of most objects as having three 
dimensions. But what would life be like in a two-dimensional 
world? For one thing, it would be harder to move around. We 
could no longer step over things but would have to move around 
them. In 1884 Edwin Abbott published Flatland: A Romance of 
Many Dimensions, under the pseudonym A. Square, a satirical 
novella about social life in Victorian England. People are 
represented by geometrical objects. Men are represented by 
shapes such as triangles and hexagons. Women are represented 
by lines. The social status of men increases with the number of 
sides that their shape has and how many of the sides are of the 
same length. Abbott’s book created limited interest and was 
largely forgotten by the 1920s. Interest revived when theoretical 
physicists started to think about worlds in different dimensions. 
This interest was stimulated by Albert Einstein’s theories of 
relativity, which proposed that we live in a four-dimensional 
world, not a three-dimensional one. Time is the fourth dimension, 
and there is an intimate and concrete connection between time 
and space. Attempts to unify gravity with other fundamental 
forces has led to physicists proposing and studying theories with 
more than four dimensions. 


Changing the number of spatial dimensions leads to different 
physics because it changes what is mathematically possible. In 
Chapter 3 it was noted that in three dimensions, there were only 
five highly symmetrical shapes known as Platonic solids 
(tetrahedron, cube, octahedron, icosahedron, and dodecahedron). 


In contrast, in two dimensions it is possible to make an infinite 
number of symmetrical shapes, known as regular polygons, 
shapes made of straight lines of equal length such as squares or 
hexagons. Similarly, the number of Bravais lattices differ in two 
and three dimensions. Changing the number of spatial 
dimensions changes both what is mathematically possible and 
what is physically possible. 


What would condensed matter physics be like in Flatland? This 
question received limited attention before the 1970s. 
Occasionally, theoretical physicists would investigate 
mathematical models of crystals or magnets in one or two 
dimensions just because the mathematics was simpler and more 
tractable than in three dimensions. The goal was to obtain insight 
into physics in three dimensions. We will consider a famous 
example, the Ising model. 


In the 1970s several surprising developments led to significant 
interest in condensed matter physics in spatial dimensions 
different from the usual three. First, it became possible to make a 
wide range of material systems that were two dimensional. 
Secondly, theoretical work showed that states of matter, and 
phase transitions between them, can be qualitatively different in 
one, two, and three spatial dimensions. And thirdly, considering 
different numbers of spatial dimensions turned out to be very 
fruitful for theory, particularly for understanding phase 
transitions near critical points. 


The Ising model 


Concrete mathematical models need to be simple enough for 
mathematical analysis or simulation on a computer. But they 
need to be complicated enough that they can capture the 
essential details of phenomena in a real material. This approach 
has proved key to answering the big question of condensed 
matter physics, how microscopic and macroscopic properties are 
related. 


The Ising model is a paradigm for this modelling approach. It can 
be used to illustrate key concepts such as phase transitions, 
spontaneous symmetry breaking, critical points, ordering, and 
abrupt changes in physical properties. Although originally 
proposed to describe magnetic phase transitions, Ising models are 
now applied to a wide range of topics in physics, chemistry, 
neuroscience, biology, sociology, and economics. 


For a magnetic system each magnetic atom is represented in the 
Ising model by a single square box that can have two possible 
states, here represented as black or white, corresponding to two 
possible directions, ‘up’ or ‘down’, for the magnetic dipole of the 
atom. These two directions can also be viewed as representing 
whether the magnetic dipole is parallel or anti-parallel to the 
direction of an external magnetic field. In the model there is an 
energy gain when two adjoining boxes are in the same state, that 
is, they are both black or both are white. This energy gain 
captures a tendency towards ferromagnetism, where the 
directions of all the dipoles align with each other. In the absence 
of an external magnetic field, there is equal probability of a box 
being black or white. The random jiggling associated with the 
temperature of the system means the state of individual boxes is 
constantly changing. There is competition between this jiggling 
and the tendency for adjoining boxes to have the same colour. 


The Ising model was originally proposed in 1920 by Wilhelm 
Lenz, a professor at Hamburg University in Germany. He 
suggested investigation of the model as a doctoral research 
project for a student, Ernst Ising. The one-dimensional version of 
the model consists of a chain of boxes, each of which can be 
black or white. In his doctoral thesis Ising was able to solve this 
version of the model exactly. What this means is that he 
calculated all the properties of the model without making any 
approximations in his mathematical analysis. He found that even 
for very low temperatures the model never undergoes a phase 
transition to an ordered ferromagnetic state. That is, there are 
always equal numbers of white and black boxes. Ising also gave a 
rough argument that this would also be true in two and three 


dimensions. This led to doubts as to whether the model could 
describe the phase transition between ferromagnetic and non- 
magnetic states that occurs at a critical temperature in 
ferromagnets such as iron. This fundamental question was not 
answered definitively for 15 years, when it was shown that the 
Ising model does indeed describe such a phase transition in two 
or more dimensions. 


In 1944 Lars Onsager, having performed a mathematical tour de 
force, published an exact solution to the Ising model on a two- 
dimensional square lattice. He showed that the model did have a 
critical point at a non-zero temperature and calculated some 
physical properties of the model. They were different from 
Landau’s theory (Chapter 3), raising questions about the validity 
of Landau’s theory. 


A computer simulation of the model on a two-dimensional square 
lattice was used to produce the pictures in Figure 21. It shows 
likely states of the system for three different temperatures. The 
system shown consists of a grid of 124 x 124 small boxes. The 
probability of a box being black or white depends on the 
temperature and on whether its nearest neighbours are black or 
white. At very low temperatures, there is little jiggling, and the 
most likely state of the system is one where it is all black or all 
white. 


21. Computer simulation of a two-dimensional Ising model. (a), 
(b), and (c) show a snapshot of a likely configuration of the system 
at a temperature less than, equal to, and greater than the critical 
temperature, respectively. 


Below the critical temperature large magnetic domains form 
(Figure 21 (a)). There is more white than black, representing 
spontaneous symmetry breaking. At the critical temperature there 
are equal numbers of black and white but there are paths through 
the whole system that pass through purely white or black (Figure 
21 (b)). This means that the correlation between the colour of 
two boxes can be strong even when the spatial separation of the 
two boxes is large. Above the critical temperature, the range of 
correlations is short (Figure 21 (c)). 


On the question of how macroscopic properties of a state of 
matter emerge from the microscopic properties, Onsager’s 
solution of the Ising model provided a concrete example of an 
important idea: short-range interactions can lead to long-range 
order. Prior to Onsager’s solution, not all experts were convinced 
that this was true. In the Ising model each square box (magnetic 
atom) only interacts directly with its nearest neighbours, that is, 
the interactions are short-range. Yet in spite of all the jiggling the 
whole system can form a state where changing the state of one 
atom is correlated with the state of another atom infinitely far 
away, that is, the system has long-range order. To put it another 
way, the system has rigidity, similar to the way in which, ina 
solid object, pushing an atom on one side of the solid will force 
the atoms on the other side of the object to move. The Ising 
model is a paradigm of emergence: simple rules can lead to 
complex properties. 


Although Ising is a well-known name in physics he did not go on 
to a distinguished career in research. After his doctorate, Ising 
worked in Germany as a high school teacher but lost his job 
because he was Jewish. He fled to Luxembourg and worked as a 
shepherd and a railway worker, before emigrating to the USA in 
1947. He then worked until retirement teaching physics at a 
small university and did not resume research. 


Onsager was a professor at Yale University and was awarded the 


Nobel Prize in Chemistry in 1968 for work on irreversible 
thermal processes. Yet, it is doubtful that Onsager would have 
survived in today’s ‘publish or perish’ academic culture. He only 
published one or two papers each year, and some were only a few 
pages long. But many of Onsager’s papers were seminal. He was 
also slow to publish. Often Onsager would announce his latest 
research results at a conference, then others would reference 
them in their own papers, and several years later Onsager would 
finally publish his results. For example, he announced his 
solution of the Ising model two years before it was published. 
Onsager was also known as being difficult to understand, even by 
brilliant colleagues and graduate students. Before Onsager was 
hired by Yale, he was fired by both Brown University and Johns 
Hopkins University because his teaching was so poor. 


Creating Flatland in a laboratory 


As a result of the painstaking work and ingenuity of many 
scientists, it is possible to fabricate materials that are essentially 
one-dimensional or two-dimensional. For example, the electrons 
in these materials can only move in one or two directions. We 
have already come across one example of a two-dimensional 
material: graphene, a single layer of carbon atoms. 


Suppose a perfect crystal is cut in two. The surface of a piece is 
two-dimensional. It can be used as a substrate to create a two- 
dimensional system. For example, liquid helium placed on a 
graphite surface can be adjusted in quantity to create a single 
layer of helium atoms. This has led to studies of superfluids in 
two dimensions showing that the nature of the superfluid state 
and the transition to it are different from that in three 
dimensions. 


It is also possible to make layered materials to which layers of 
atoms are added one layer at a time. By varying the chemical 
composition of different layers, interfaces can be created with 
unique two-dimensional properties. A specific example of this is 


called a semiconductor heterojunction, in which a gas of 
electrons is trapped at the interface between two different 
semiconductor materials. The electrons can then only move in 
directions parallel, but not perpendicular, to the interface. These 
two-dimensional electron gases exhibit new states of matter, 
known as quantum Hall states, which we will come to later. 


Another class of materials is described as quasi-two-dimensional. 
They are three-dimensional crystals composed of layers of atoms 
in which there are only weak interactions between the 
neighbouring layers. Graphite is an example; it is a crystal 
composed of layers of graphene. If the interactions between the 
layers are weak enough, many of the properties of the material 
may be similar to those of a single layer. Later in this chapter, we 
will look at a class of superconducting materials that are quasi- 
two-dimensional. Chemists have also made crystals that consist of 
chains of atoms and are classified as quasi-one-dimensional 
materials. 


New states of matter 


All the atoms in a three-dimensional crystal are jiggling around 
randomly because of thermal effects. As the temperature 
increases eventually the jiggling of the atoms becomes so large 
that the crystal melts (or sublimates) and the atoms can move 
freely. In spite of all this jiggling, at temperatures lower than the 
melting temperature the crystal is rigid and on average the atoms 
are arranged in a periodic fashion. In the crystal there is discrete 
translational and rotational order. This means that if we know 
the spatial positions of a few atoms we also know the positions of 
all the atoms that are a very long distance away. In the liquid, 
there is neither translational nor rotational order. 


The situation in two dimensions is qualitatively different. Due to 
the thermal jiggling of the atoms, crystals are not stable. It is 
impossible to have an infinite array of atoms arranged in a 
perfectly periodic manner. Rather, at low temperatures the 


system has long-range rotational order but no long-range 
translational order. This means that unlike in three dimensions an 
X-ray diffraction experiment will not reveal a series of well- 
defined spots on a photographic plate. That crystals cannot exist 
in two dimensions was first shown theoretically in 1968 by David 
Mermin. 


The ‘melting’ of a two-dimensional ‘crystal’ is qualitatively 
different from a three-dimensional crystal. As the temperature 
increases there is no direct transition from the ‘crystal’ to a 
liquid. Rather, there is an intermediate state, known as the 
hexatic state, that has orientational order but no translational 
order. The existence of this new state of matter was proposed 
theoretically in 1979 by Peter Young, David Nelson, and Bert 
Halperin. As the temperature increases, there is a further phase 
transition to the liquid state, in which the orientational order is 
no longer present. Thus, in two dimensions ‘melting’ occurs in 
two stages. 


The hexatic state was observed experimentally several years later 
in two different systems. One system was a thin film of a liquid 
crystal. The second system consisted of latex spheres suspended 
in water. The spheres had a diameter of about one micrometre 
and the water was a thin film about one micrometre thick. The 
fact that the chemical composition of these two systems is very 
different but they exhibit the same states of matter is an example 
of the universality common in condensed matter physics. The 
discovery of the hexatic state is one of the few examples where a 
new state of matter was predicted to exist by theoretical 
physicists before it was observed in the laboratory. 


The mechanism of melting in two dimensions is qualitatively 
different from that in three dimensions. In the latter, a crystal 
melts because at the melting temperature the random spatial 
motion of the individual atoms becomes as large as the distance 
between neighbouring atoms and a periodic arrangement of the 
atoms becomes unstable. In two dimensions, there are topological 
defects, such as that shown in Figure 19, that are present in 


pairs. In the low-temperature state these pairs are bound 
together, just like pairs of positive and negative electrical 
charges. At the transition to the hexatic state these pairs of 
dislocations become unbound, and the dislocations proliferate 
throughout the system, destroying the quasi-long-range 
translational order. 


The main physical ideas described above were first formulated 
for magnets, superconductors, and superfluids, rather than for 
solid-liquid transitions. At a finite temperature in two 
dimensions, it is not possible to have a superconducting, 
superfluid, or magnetic state with true long-range order. This 
type of ordering is destroyed by thermal fluctuations. In the early 
1970s, Vadim Berezinskii at the Landau Institute in the Soviet 
Union and Michael Kosterlitz and David Thouless at the 
University of Birmingham showed that the unbinding of pairs of 
vortices was responsible for the transition to a disordered state in 
two dimensions. Thus, superconducting and superfluid transitions 
are qualitatively different in two and three dimensions. They are 
generally much smoother than the abrupt changes seen in three 
dimensions. Kosterlitz and Thouless were awarded a Nobel Prize 
in Physics in 2016. 


The Woodstock of physics 


I now turn to a class of quasi-two-dimensional superconducting 
materials. Their unexpected discovery in the late 1980s was one 
of the most exciting and surprising developments in condensed 
matter physics in the past 40 years. A ‘holy grail’ is to discover a 
material that is a superconductor at room temperature. This 
could revolutionize the transmission of electric power. Until 
1986, the highest temperature at which superconductivity had 
been observed was 23 K (—250 °C), in Nb3Ge, a combination of 
niobium and germanium. This requires cooling the material with 
liquid helium, which is expensive, and consequently limits 
commercial applications of superconductivity, to, for example, 
MRI machines in hospitals. 


In 1986, Alex Bednorz and Karl Muller, working at an IBM 
laboratory in Switzerland, investigated whether a chemical 
compound composed of the chemical elements lanthanum, 
barium, copper, and oxygen would be a superconductor. They 
were motivated by theoretical arguments that strong interactions 
between the electrons and the vibrations of the atoms in the 
crystal could enhance the transition temperature, Te, to the 
superconducting state. Bednorz and Muller observed 
superconductivity below a Te of 36 K, a new record. The material 
consisted of layers of copper and oxygen atoms, and this 
stimulated many other research groups to investigate similar 
classes of chemical compounds. Within a year, materials were 
discovered with a Te of 120 K (-150 °C). This was significant 
because superconductivity could be achieved by cooling with 
liquid nitrogen, which is much cheaper and more readily 
available than liquid helium. Unfortunately, over the past 30 
years there has been little progress at increasing Te to higher 
temperatures. Room temperature superconductivity remains a 
holy grail. 


The discovery of Bednorz and Muller generated considerable 
excitement in the physics community, attracting many new 
researchers to the field of superconductivity. In March 1987 a 
special session was held during a regular meeting of the Division 
of Condensed Matter Physics of the American Physical Society in 
New York city. A large meeting room was overflowing with more 
than 1,000 physicists. I was one of thousands more outside 
watching on TV monitors. Each speaker in this special evening 
session was only allowed three minutes to present their work and 
the session went long past midnight. The event was described the 
following day on the front page of The New York Times as the 
‘Woodstock of Physics’, after the famous rock music festival held 
in New York state that is considered emblematic of the 1960s. 


The microscopic origin of the quasi-two-dimensionality of these 

materials is illustrated in Figure 22 (a). The layers of copper and 
oxygen atoms are in the centre of the repeat unit and are isolated 
from each other by a large number of other atoms. Consequently, 


it is much more difficult for electrons to move between the layers 
(the vertical direction in Figure 22 (a)) than in directions parallel 
to the layers. The structural and chemical complexity is reflected 
in the unit cell containing more than 50 atoms, including five 
different chemical elements. In contrast, in elemental lead there 
are only two atoms in the repeat unit (Figure 22 (b)). 


(b) 


22. The chemical and structural complexity of copper oxide 
superconductors. (a) The repeat unit for the crystal structure of 
BiSrCaCuO. (b) The repeat unit for lead. It has only a few atoms in 
the repeat unit. 


An undergraduate student once asked me, ‘what is the most 
interesting phase diagram in physics?’ I drew the one shown in 
Figure 23. From the point of view of fundamental physics, the 
superconductivity of these materials is not the only property that 
is interesting or that presents a significant challenge to 
theoretical physicists. The materials exhibit two new states of 
matter, known as the pseudogap state and the strange metal 
state. These two conducting states have properties qualitatively 


different from common metals such as copper and gold. 
Theoretical models that successfully describe the latter fail for 
these new states. 
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23. Phase diagram of copper oxide superconductors. Temperature 
(T) versus X, a parameter that describes the chemical composition 
of the material and is related to the density of charge carriers. The 
different states shown in the phase diagram are antiferromagnetic 
insulator (AF), superconductor (SC), regular metal (FL), strange 
metal, and pseudogap. 


Most crystals are either a metal, insulator, or semiconductor. 
These correspond to being a good, bad, or mediocre conductor of 
heat and electricity. In the pseudogap state electrons behave like 
those in a semiconductor, except when moving in certain 
directions within the crystal. In those directions they behave like 
electrons in a metal. In the strange metal state, the electrons act 
collectively in a manner that makes the concept of individual 


electrons meaningless. Since 1986 more than 10,000 scientific 
papers have been published concerning possible theories to 
describe the different states in this phase diagram. Although 
progress has been made, there is still no single theory that is 
accepted by the majority of physicists. In particular, there is no 
theory that has the simplicity and predictive power of the BCS 
theory of superconductivity (see Chapter 1) in simple metals 
such as lead and tin. 


Both experimental and theoretical studies suggest that all this 
rich physics results from the layered structure of these copper 
oxide materials. The electrons are almost living in Flatland. There 
is no simple explanation for why this is so crucial, but generally 
as the spatial dimension of a system gets smaller, the components 
move around more, fluctuations increase, ordered states are less 
stable, and new states of matter become possible. 


The history of scientific discovery provides many examples of 
serendipity, where fortunate discoveries are unplanned. It is now 
understood that the reason that Bednorz and Muller chose to 
focus on this class of materials—a belief that there were strong 
interactions of electrons with atomic vibrations—was actually 
wrong. The high Te does not arise from this interaction, but 
rather from a strong magnetic interaction between the electrons 
and from the two-dimensionality of the materials. Although the 
discovery was arguably somewhat serendipitous, its profound 
significance was highlighted by the fact that Bednorz and Muller 
were awarded the Nobel Prize only a year after their discovery. 


The next chapter explores how, near a critical point in a phase 
diagram, changing the spatial dimension alters the properties of 
phase transitions. Flatland really is a different world. 
Furthermore, it is fruitful to think not only about systems with 
spatial dimensions of 1, 2, 3, and 4, but also fractional 
dimensions such as 3.999. 


Every person is unique. No two people are identical. We differ in 
physical appearance, personality, fingerprints, heartbeat, gait, 
and DNA. Such differences are used to identify criminals and in 
video surveillance of citizens by nation states. Yet in other ways 
all humans are the same. We all have brains, hearts, and lungs. 
All our bodies use the same biochemistry to stay alive: whether to 
breathe oxygen, digest food, or fight infections. On some level we 
have common aspirations: to survive, to be loved, to be happy, 
and to find meaning and purpose. Yet these aspirations find many 
expressions. Humans have certain universal qualities and 
properties, yet at a finer level of detail there is a particularity of 
each of these properties. They are at one level the same but are 
not the same at another level. 


All academic disciplines search for universals; they develop 
categories, concepts, and theories that overarch particularities. 
Biologists classify species of plants and animals and types of cells 
and viruses. All biological systems use the same molecules (DNA, 
RNA, and proteins) and chemical reactions. The same genetic 
code uses the information encoded in a piece of DNA to make 
proteins with specific functions. Anthropologists study the 
immense diversity of human cultures and societies. This diversity 
can be described in terms of universal concepts such as kinship, 
family, ritual, community, economics, law, and morality. 
Linguists study the common structures and grammars of the 
thousands of different human languages. Although the world we 
live in is diverse, disciplines have each discovered some 
universals. 


Condensed matter physicists study diverse states of matter and 
the transitions between them. A surprising discovery is that there 
is much more universality than might be expected, particularly 
given the chemical and structural diversity of materials. In this 
chapter, I will discuss the nature of this universality, how it 
emerges, and the length scales associated with transitions 
between different states of matter. Landau’s great insight was 
that many of the chemical and structural details of materials are 
irrelevant to understanding phase transitions. Furthermore, a 
precise classification of different types of phase transitions, into 
what are called universality classes, can be made. For example, 
superconducting, superfluid, and a subset of magnetic transitions 
are in the same class. The determinants of the universality classes 
are the symmetry of the state and the spatial dimensionality of 
the system. None of the other details matter. 


Many phase diagrams (such as Figure 6) include a critical point, 
located at the end of a boundary between two different states of 
matter. A common example is the critical point that occurs at a 
specific temperature and pressure for a transition between a 
liquid and a gas. Understanding the physical properties of a 
material close to its critical point was a great challenge for 
theoretical physics, lasting 100 years, and was only solved in the 
1970s. The powerful theoretical ideas and techniques that were 
developed provide a quantitative way to relate the properties of a 
system at one length scale to properties at a different length 
scale. These techniques also have application to a wide range of 
other problems and fields including elementary particle physics, 
chaos theory, fractals, polymers, and machine learning. New 
insights were gained into universality and emergent phenomena. 


Universality near the liquid—gas critical point 


For liquid-gas transitions the critical temperatures and the 
critical pressures for different pure substances, such as helium, 
argon, or water, vary from one substance to another, by a factor 
of more than 100. This large range arises because the interactions 
between the constituent atoms are different in the different 


materials. Nevertheless, close to the critical point, the curves 
mapping out the physical properties are identical in shape. 
Figure 24 shows an example with experimental data for the 
temperature dependence of the liquid and gas states for eight 
different pure substances. This graph was first published in 1945 
by the physical chemist Edward A. Guggenheim and presented a 
challenge for theoretical physicists to explain. 
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24. Universality of the liquid-gas transition. The horizontal and 
vertical axes are the density and the temperature, respectively, 
relative to their values at the critical point. Experimental data is 
shown for eight different materials (neon, argon, krypton, xenon, 
nitrogen, oxygen, carbon monoxide, and methane). The left (right) 
curve shows the relationship between the density and the 
temperature of the gaseous (liquid) state for temperatures below 
the critical temperature. 


Figure 24 shows that near the critical point the physical 
properties for different materials are in some sense the ‘same’. 


The density and the temperature (or other relevant variables) for 
each material can be ‘rescaled’, that is, taken as a fraction of their 
value at the critical point. Then all the data, for a wide range of 
different materials, lies on a single curve. Understanding the 
universality associated with this scaling took several decades. The 
answer lies in thinking about rescaling the lengths in the system. 
Or to put it another way, we need to examine the differences in 
the appearance of the system as we zoom in and out. 


Universality of critical exponents 


The specific heat capacity of a material quantifies how much heat 
energy is required to increase the temperature of one gram of the 
material by one degree. For all critical points it is observed that 
the specific heat becomes larger and larger as the material gets 
closer and closer to the critical temperature. The case of a 
superfluid transition is shown in Figure 25. The shape of the 
curve can be quantified in terms of a single number, denoted by 
the Greek letter a, referred to as the critical exponent for the 
specific heat. Surprisingly, the specific heat capacity of a large 
class of magnetic materials shows the same behaviour, close to 
the critical temperature for their magnetic transition, regardless 
of whether the material is ferromagnetic or antiferromagnetic, 
and the chemical composition and crystal structure of the 
material. The specific heat capacity has the same critical 
exponent as the superfluid transition. This is another example of 
universality. 
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25. The temperature dependence of the specific heat capacity of 
liquid helium 4He at temperatures several degrees above absolute 
zero. Near a temperature of 2.17 K the liquid undergoes a 
transition to a superfluid. 


The order parameter for a phase transition is zero at 
temperatures above the critical temperature and increases 
smoothly to non-zero values as the temperature is lowered below 
Te. The mathematical form of this temperature dependence is 
specified by a critical exponent B. There are other critical 
exponents for other physical quantities, such as y, which 
describes how the compressibility of a fluid gets larger and larger 
as the temperature gets closer to the critical temperature. The 
exponent 6 describes the dependence of the density of a fluid on 
the pressure at the critical temperature, for a liquid-gas critical 
point. 


Experiments on a wide range of materials and types of phase 


transitions show that there are universality classes of critical 
points. In a single class all the transitions have the same values 
for each of the critical exponents, regardless of the chemical 
composition and crystal structure of the material, or the 
magnitude of the critical temperature. 


Here are some examples. For a whole family of ferromagnetic 
materials, such as iron, nickel, and cobalt, the critical 
temperature at which they lose magnetism varies by a factor of 
more than 100, from one material to another. The critical 
temperature for iron is 1043 K (770 °C) and for dysprosium is 88 
K (-185 °C). Yet, the critical exponents for all these ferromagnets 
are the same, but different from those for the liquid—gas 
transition. The critical exponents for the liquid—gas transition, 
mixtures of two different liquids, metallic alloys composed of two 
different chemical elements (such as brass), and magnets 
described by the Ising model in three dimensions, are all the 
same. 


Both experimental studies and theoretical work (discussed later) 
show that the universality classes are only determined by two 
numbers: n, the number of components of the order parameter, 
and d, the spatial dimensionality of the system. This is also where 
Flatland comes in. By making very thin films of a material, 
measurements can be made for a system with d = 2, and it is 
observed these systems have different critical exponents from 
those for d = 3. 


While Landau recognized that many of the details of a phase 
transition are irrelevant to how physical properties, such as the 
specific heat, vary with temperature close to the critical 
temperature, he found that each of the critical exponents has the 
same value for all transitions. He found too much universality. 
The key missing ingredient in Landau’s calculations turned out to 
be fluctuations; due to thermal jiggling a system does not have 
the same value of the order parameter at every spatial position 
and time. The collective effect of all this jiggling can be seen with 
the naked eye in a simple experiment. 


Critical fluctuations 


Charles Cagniard de la Tour discovered the critical point for 
liquid—gas transitions in 1822. A year later, he observed that a 
mixture of alcohol and water became milky at temperatures close 
to the critical temperature. The significance of this phenomenon, 
known as critical opalescence (Figure 26), was highlighted by 
Thomas Andrews in 1869 after he performed experiments on the 
liquid-gas transition in carbon dioxide. It was not until early in 
the 20th century that Marian Smoluchowski and Albert Einstein 
showed that the physical origin of critical opalescence is 
fluctuations in the density of the fluid. Close to the critical point 
these fluctuations become very large in magnitude and involve 
the formation of blobs of liquid and gas with sizes comparable to 
the wavelength of light. Consequently, light scatters off the fluid, 
causing it to appear opaque and milky. 


26. Critical opalescence of a fluid near the critical temperature for 
a liquid—gas transition. (a) The temperature is less than the critical 
temperature Te and there are distinct liquid and gas states. The 
liquid has higher density than the gas and so is below the gas; the 
boundary between them can be seen. (b) The temperature is close 
to Te and the entire fluid appears milky. (c) The temperature is 
larger than Te and there is a single transparent fluid, known as a 
supercritical fluid; there is no gas-liquid boundary. 


For temperatures and pressures larger than at the critical point 


the system cannot be classified as a liquid or a gas, as can be seen 
in Figure 21 (a); it is called a supercritical fluid. The 
atmospheres of the planets Jupiter and Saturn are supercritical 
fluids. Supercritical fluids have commercial applications. 
Supercritical water is used in large power turbines because, 
unlike in regular steam, small liquid droplets cannot form, 
reducing the damage to power turbines. Supercritical carbon 
dioxide is central to the process used to decaffeinate coffee. 


The size of the blobs of liquid and gas grows as the temperature 
approaches the critical temperature, reflecting a universal feature 
of all systems near critical points. In the case of magnetic 
systems, the blobs are magnetic domains, and this physics is 
captured in the Ising model. Compare the relative size of the 
black or white domains at the three different temperatures shown 
in Figure 21. At the critical temperature the size of the domains 
becomes as large as the system, reflecting the incipient order in 
the system. The emergence of large domains near the critical 
temperature was central to the theoretical breakthrough that 
provided a detailed understanding of critical phenomena. 


Scaling 


Suppose we consider an Ising model where all the lengths in the 
system are rescaled. In other words, if we zoom in and out, how 
do properties of the system change? In particular how does the 
strength of the interactions between the components and the size 
of the domains change? For example, suppose that a square 
lattice is divided up into 3 x 3 blocks, each containing 9 boxes. 
If the majority of the squares in a block is black (white) the block 
is replaced with a single black (white) box. Then repeat the 
process. The result of such a process is shown in Figure 27 when 
the temperature is equal to the critical temperature. The state of 
the system looks pretty much the same, regardless of the scale. In 
contrast, at temperatures above the critical temperature, the 
system scales to a completely random configuration of black and 
white squares. Below the critical temperature, the system 


eventually scales to a state of either completely black or white. 


Ts, ORIGINAL 


27. Scale invariance at the critical temperature. Rescaling of likely 
configurations of the Ising model on a square lattice. The state of 
the system looks essentially the same regardless of the rescaling. 


This approach was first investigated in 1966 by Leo Kadanoff. It 
was developed into a powerful mathematical form by Ken Wilson 
in the early 1970s and is known by an obscure name, the 
renormalization group. Wilson modified Landau’s theory of the 
critical point to include the effects of fluctuations in the order 
parameter. He provided an explanation of universality and a 
method to accurately calculate the critical exponents of the 
different universality classes. The values obtained by Wilson’s 
method were consistent with experiments and with computer 
simulations of Ising and related models. 


Normally, we think of the dimension d of a spatial object, 
whether real or mathematical, as having integer values, 

d = 1, 2,3. The size of an object is defined by length, area, and 
volume, respectively. In some mathematical calculations it is 
possible to consider the dimension d as having non-integer 
values, such as 2.5 or 3.874, and being a variable parameter. One 
can then investigate mathematically how the properties of the 
system change as the parameter d is slowly changed. Wilson and 
Michael Fisher embraced this idea. The theory of the critical 
point is simple to analyse when d = 4 (Landau’s theory gives all 
the correct answers) but notoriously difficult when d=3.A 
tractable way to find answers for d = 3 is do the calculations in 
3.9999 dimensions and smaller dimensions and then use the 


results to extrapolate to d = 3. 


Like Onsager, Wilson had an interesting publication and career 
history, very different from that expected of professors by 
universities today. Prior to working in condensed matter physics, 
he worked on elementary particle physics, completing a Ph.D. at 
Caltech with Murray Gell Mann. Wilson then worked at Harvard 
before taking a job as an assistant professor at Cornell University 
in 1963. He was widely viewed as brilliant. However, when 
Cornell had to decide whether he should receive tenure (i.e. have 
a permanent job until retirement), Wilson had only published a 
couple of articles in scientific journals, far fewer than would 
normally be expected. Nevertheless, Cornell took a risk and gave 


him tenure. This gamble paid off. In the early 1970s Wilson 
published a flood of papers that had a profound influence, not 
just on condensed matter physics, but also on the theory of 
elementary particles. Wilson was awarded the Nobel Prize in 
Physics in 1982. 


Key to the successful development of Wilson’s approach was that 
he took concepts and techniques that he had learnt from the 
theory of elementary particles and applied them in a new 
context. This was another example of the significant cross- 
fertilization between these two sub-fields of physics, which began 
in the 1950s and was crucial to the development of the BCS 
theory of superconductivity and of the standard model for 
elementary particles, including the prediction of the Higgs boson. 


The renormalization group method developed by Wilson led to 
detailed calculations of the numerical value of the critical 
exponents associated with different universality classes. This in 
turn motivated further careful experimental measurements of the 
values of the critical exponents. The agreement between theory 
and experiment is impressive. Here is one example. Liquid helium 
becomes a superfluid below a temperature of 2.17 K. This is a 
critical point, and the specific heat becomes extremely large as 
the temperature approaches close to the critical temperature 
(Figure 25). A precise way to measure the critical exponents is to 
do the experiment in a zero-gravity environment, as this reduces 
variations in the density and pressure of the fluid between the 
top and the bottom of the container. In 1992 an experiment was 
performed on the space shuttle Columbia. Not only was the fluid 
cooled down to a temperature of a few degrees above absolute 
zero, but the temperature was controlled and measured to a 
precision of one-billionth of one degree. The specific heat 
capacity was measured and the corresponding critical exponent a 
was determined to have a value of -0.0127, that is, to five 
significant figures. This value was consistent with the value of — 
0.012 calculated from the renormalization group theory and 
computer simulations of the relevant lattice model, although 
there is still some debate about the last digit. The observed value 


of a disagrees with the value of exactly zero predicted by the 
simple theory of Landau, showing that he was quite close to the 
truth, but not exactly there. 


Wilson’s approach showed how universality emerges, that is, how 
systems with very different chemical and physical structures can 
have the same critical exponents. For example, consider the 
liquid-gas transition for water and the ordering transition 
associated with an alloy of copper and zinc. When these systems 
are viewed at the atomic scale, they are very different. However, 
as the critical point is approached the properties of the whole 
system are determined not by individual atoms or even a few 
atoms, but rather by collections of trillions of atoms (domains). 
The character of these domains and how they interact with one 
another are the same for systems in the same universality class; 
they are just determined by the symmetry of the order and the 
spatial dimensionality of the system. The atomic details do not 
matter. 


This leads to the idea of ‘effective theories’, such as Landau’s 
theory of phase transitions: at each length scale at which one 
looks at a system there is a theory that can describe the system at 
that scale. As one ‘zooms out’ or ‘coarse grains’ the system, 
theories often become much simpler, easier to understand and to 
investigate with mathematics or with computers. This important 
idea is related to emergence and is discussed in Chapter 9. 


Systems in condensed matter involve a hierarchy of scales. At 
each scale there are corresponding phenomena, length scales, 
theories, and concepts. For example, ferromagnetism in a crystal 
of iron can be viewed at the following different scales: the 
individual electrons in each of the iron atoms, the magnetism 
associated with each atom, the magnetic interactions between the 
iron atoms located next to each other in the crystal, the magnetic 
domains in the ferromagnet, and the large size of these domains 
near the critical temperature. 


Scale-free systems 


At the critical point a system is scale free. It does not matter at 
what length scale the system is examined, it looks the same. 
Beyond condensed matter physics, there are many other systems 
that are scale free. Fractals are examples (Figure 28). 


(a) 


28. Fractals are scale-free patterns. When the image of part of the 
pattern (inside one of the boxes) is blown up the pattern still looks 
the same. Proceeding from left to right and then top to bottom one 
sees that the pattern is the same, for both the (a) Koch snowflake 
and (b) Julia set. For the latter, at each step the scale of the picture 
is increased by a factor of four. The final picture (bottom right) 


covers an area of about one millionth of the original picture (top 
left). 


Detailed quantitative analysis of data from a range of physical, 
biological, economic, and social systems shows that some of their 
properties show scale-free behaviour. An example is Zipf’s law in 
linguistics: in any language there are only a few words that are 
used very frequently, while there are lots of words that are used 
far less frequently. Another example is Pareto’s Principle 
concerning distribution of wealth (the 80/20 rule): 80 per cent of 
the wealth is owned by 20 per cent of the people. 


Philosophers have debated the relationship between particulars 
and universals for centuries. In free societies there are public 
debates about values and morality; what is universal and what is 
particular to specific individuals, cultures, or situations? 
Academic disciplines have discovered certain universal patterns 
yet struggle to understand how universality does or does not 
emerge in the presence of particularity. This struggle is due to the 
complexity of the systems of interest, including the many 
different scales present. Condensed matter physics provides a 
concrete example where the relationship between universality 
and particularity is understood. 


The next chapter explores how the quantum weirdness associated 
with the microscopic world of atoms, electrons, and light 
particles can also occur in the macroscopic world of states of 
matter, including superconductors and superfluids. 


At the end of the 19th century, physicists were settled on their 
view of the world. Newton’s laws of motion and of gravity were a 
great success, whether describing the motion of the planets or of 
projectiles. It was well established that particles (e.g. a football) 
and waves (e.g. light or ripples on the surface of a pond) were 
distinct entities exhibiting distinct phenomena. A particle could 
not be in two places at the same time. The position and speed of 
a particle could both be precisely measured at the same time. The 
theory of electromagnetism developed by James Clerk Maxwell in 
the 1860s gave a unified and complete description of electricity, 
magnetism, and light waves. However, the birth of quantum 
theory in the first three decades of the 20th century turned 
upside down physicists’ view of the world. The quantum world of 
atoms, electrons, protons, and photons (light particles) was weird 
and very different from everyday experience. 


Erwin Schrödinger was one of the founders of quantum theory. 
The mathematical equation that bears his name, published in 
1926, is the foundation of the quantitative description of atoms, 
molecules, and crystals. Due to the rise of the Nazi Party, 
Schrödinger left Germany in 1933 and took a temporary job at 
Oxford University. For a while he lived in the house next door to 
J. R. R. Tolkien, author of the Lord of the Rings. Perhaps Tolkien 
provided some inspiration for a highly imaginative scientific 
paper that Schrödinger wrote in 1935. Schrödinger did 
acknowledge the paper was written in response to criticisms of 
quantum theory by Albert Einstein. Schrédinger’s paper described 
a ‘thought experiment’ involving a cat, to illustrate the ‘quite 


ridiculous cases’ that are possible with quantum theory. 


Schrédinger imagined placing a cat in a box together with a small 
container of radioactive atoms and a glass vial of poison. The 
radioactive atoms have a long half-life and there are so few of 
them in the container that on average only about one atom 
decays per hour. When an atom undergoes radioactive decay, it 
would emit a gamma ray, detected by a Geiger counter that 
would trigger a hammer to smash the glass vial, releasing the 
poison, and killing the cat. According to quantum theory 
individual atoms decay at random times and it is possible to have 
a situation where an atom is simultaneously in two states, 
decayed and not decayed. Thus, it is possible to have the cat 
simultaneously dead and alive! Furthermore, in quantum theory 
any measurement forces a system to have a definite state. Hence, 
if after an hour someone opens the lid of the box and looks inside 
then the cat must adopt one of the two possible states, dead or 
alive. 


Over the past 100 years quantum theory has undergone 
numerous experimental tests on a diverse range of systems, from 
electrons to molecules. These tests have been of such high 
precision that quantum theory is arguably the most successful 
theory in science. Yet, the paradox of Schrédinger’s cat has never 
been resolved, at least not to the satisfaction of most physicists 
and philosophers. A key issue is the location of the boundary 
between the everyday macroscopic world of definite outcomes 
(cats must be either dead or alive) and the microscopic quantum 
world of atoms where outcomes are indeterminate. For example, 
as the number of atoms in a molecule is increased, when does the 
molecule become so large that it starts to act like an everyday 
object? 


This chapter explores how some states of matter, such as 
superconductors and superfluids, can manifest quantum 
weirdness at the macroscopic scale. This is of fundamental 
scientific and philosophical interest. It is also the basis for some 
new technologies, highly sensitive scientific instruments, and 


precise electrical measurements. 


Quantum steps 


When you drive a car, you can vary the speed of the car 
continuously by smoothly varying the pressure you apply to the 
accelerator pedal. As a result, the speed of the car can have any 
value, between zero and its top speed. The speed of the car and 
its energy of motion does not jump between discrete values. The 
world of atoms and electrons is not like that. It is much lumpier. 
The energy of an atomic system cannot have any possible value, 
only certain discrete values. Energy comes in discrete lumps or 
quanta. It is quantized. The difference between these allowed 
values of the energy is extremely small compared to the energy of 
everyday objects. For the motion of a football, we could never see 
the discreteness in practice. It is like how when you look at a 
high-resolution photo you cannot see the individual pixels, or a 
staircase where the height of the steps is so small that it looks 
like a smooth slope. In contrast, the energies of an electron in a 
single atom are so small that the discrete differences really do 
matter. In quantum theory, not only energy but also other 
physical quantities such as momentum, angular momentum, 
wavelength, and magnetic flux can be quantized. 


Quantum interference 


If you throw two pebbles into a still pond, you may observe an 
interference pattern between the two sets of waves emanating 
from the points on the pond surface at which the two pebbles hit 
the water. At some points on the surface of the pond the 
amplitude of the wave is larger and in some parts it is smaller. 
Similar wave interference is involved in the X-ray diffraction 
patterns produced by crystals and used to determine their atomic 
structure. 


Isaac Newton believed that light was composed of particles. 
Others believed light was a wave. In 1801 Thomas Young 


performed an important experiment to establish that light was a 
wave (Figure 29). 


29. Double-slit experiment showing wave interference. A beam of 
light is shone from the left onto a screen which contains two 
narrow slits. The thin narrow lines represent crests of the wave. 
Each slit acts as a source of separate new waves. These two waves 
interfere with one another so that on the screen P an alternating 
pattern of light and dark is seen. 


In 1927 Clinton Davisson and Lester Germer performed a version 
of Young’s double-slit experiment in which they replaced the 
beam of light with a beam of electrons. They found that the 
intensity of the electron beam observed on the screen showed an 
interference pattern just like that seen in Young’s experiment 
with light. The electrons were apparently behaving as waves. 


This raises questions connected to the paradox of Schrédinger’s 
cat and that physicists still debate. Which of the two slits does a 
single electron pass through? Or does it pass through both slits 
simultaneously. Is the electron in two places at the same time? Is 
the electron a wave or a particle? It was also discovered that light 
sometimes acts like a particle, called a photon. To describe this 
strange situation, Niels Bohr coined the term ‘wave-particle 
duality’. Electrons and photons sometimes act like particles and 
sometimes like waves; it depends on the context. 


Regarding the location of the boundary between the everyday 
world and the microscopic world of quantum weirdness, the 
question is how large must a particle be in order to see quantum 
interference? In the past two decades impressive double-slit 
experiments have been performed using beams of large molecules 
that have a mass that is about 10,000 times larger than the mass 
of a single hydrogen atom. If there is a boundary physicists have 
not found it yet. 


Fundamental constants 


Since the beginning of the 20th century, physicists have made 
many stunning discoveries. The speed of light is constant. It is 
always the same regardless of where it is measured, by whom, or 
when, or how fast the observer is moving. The most accurate 
measured value is 299,792,458 metres per second, and the 
symbol c is used to denote the speed of light. Every electron in 
the universe is identical. They all have the same electrical charge 
and same mass. The charge of an electron is denoted by the 
symbol e and has the value & = 1.60217662 x 10 coulombs. 
Planck’s constant, denoted h, describes the proportionality 
between the energy of a photon and the frequency of oscillation, 
v, of the associated wave, E = hv. The separation of allowed 
energy values is determined by h and it has the value of 

6.6314 x 10 joule seconds. The quantities c, e, and h are all 
referred to as fundamental constants. 


George Gamow was a playful theoretical physicist who wrote 
several popular books about science. Many are still in print. In 
Mr Tompkins in Wonderland, first published in 1939, Gamow 
took a non-scientist, Mr Tompkins, on a tour of an imaginary 
world in which the speed of light was one billion times smaller 
than in the real world and Planck’s constant was so large that 
quantum effects could be seen in everyday life. In a dream, Mr 
Tompkins observes quantum interference on a macroscopic scale. 
While on an animal safari, a single gazelle passes through a 
bamboo grove. The grove and gazelle act like an electron in a 
multiple-slit experiment producing interfering waves. To Mr 
Tompkins there appear to be many gazelles. This is because the 
single gazelle is at many different locations simultaneously. This 
makes it difficult for a hunter to shoot the gazelle. Although Mr 
Tompkins saw macroscopic quantum effects only in his dreams, 
in Gamow’s lifetime it became possible to observe them in the 
laboratory. 


Macroscopic quantum effects in superconductors 


Magnets and electrical currents produce magnetic fields, regions 
of space where other magnets and electrical wires experience a 
mechanical force. For a circle of wire in the presence of a 
magnetic field the magnetic flux is defined as the strength of the 
magnetic field passing through the circle multiplied by the area 
of the circle. A law of electromagnetism states that if the field 
varies with time, then a voltage is produced in the wire with a 
magnitude that is proportional to the rate at which the magnetic 
flux through the circle changes. This is the physics behind all 
electrical motors and electrical generators. In the everyday world 
magnetic flux can have any value and can be varied continuously 
by changing the strength of magnetic field. In the quantum world 
that is not the case. Magnetic flux is quantized. 


In 1961, two experimental groups independently reported the 
first observation of a macroscopic quantum effect, the 
quantization of the magnetic flux passing through a 


superconducting cylinder (Figure 30). One team was Bascom 
Deaver and William Fairbank and the other Robert Doll and 
Martin Nabauer. A tall thin cylinder made of tin was placed in a 
magnetic field and cooled down to a low enough temperature 
that it entered the superconducting state. The magnetic flux 
passing through the cylinder was then measured as the magnetic 
field was varied. The resulting graph has four noteworthy 
features. First, there are clear steps, showing that the magnetic 
flux has discrete values. In contrast, in the normal metallic state 
the graph was a straight line. Secondly, the magnitude of the 
steps was the same, to within about 1 per cent, suggesting 
quantization of a single unit of magnetic flux. Thirdly, the value 
of this quantum of magnetic flux was equal to the value of h/2e. 
Thus, it was completely determined by the two fundamental 
constants, h and e, Planck’s constant and the charge on an 
electron, respectively. And fourthly, graphs with the same three 
features noted above were later observed in other 
superconducting materials and cylinders. This showed that flux 
quantization is independent of details such as the chemical 
composition and dimensions of the cylinder. This flux 
quantization is a macroscopic quantum effect. It is macroscopic 
because the system is macroscopic, and the magnetic flux is a 
macroscopic property. It is a quantum effect because the 
magnitude of the quantization is determined by Planck’s 
constant. 
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30. Quantization of magnetic flux in a superconducting cylinder. 
(a) A tall thin cylinder of tin was placed in a magnetic field. (b) The 
graph shows the value of the magnetic flux passing through the 
cylinder as the magnetic field was varied. Note the step-like 
structure, showing quantization of the flux. 


The quantum of magnetic flux is denoted ®, (= h/2e) and has 
the value 2-067833848...x10™ tesla (metre)2. This number 
also determines the scale of quantum interference effects between 
two superconductors, as we will see shortly. The flux quantum is 
also relevant to vortices that form when some superconductors 
are placed in a magnetic field (Figure 20). A persistent electrical 
current flows around the vortex and the magnetic field penetrates 
the core of the vortex. It can also be shown, both theoretically 
and experimentally, that the magnetic flux associated with each 
vortex is exactly equal to one quantum of flux. Something similar 
happens in superfluids. 


Macroscopic quantum effects in superfluids 


When a cylinder containing a fluid is rotated about an axis 
passing down the centre of the cylinder the fluid will also rotate. 
The faster the cylinder is rotated the faster the fluid rotates. A 
physical quantity known as the circulation is proportional to the 
speed of rotation and the diameter of the cylinder. With a 
variable speed motor, the rotation speed can be continuously 
varied and in normal fluids the circulation has continuous values. 
But not in a superfluid, as shown in a beautiful experiment done 
by W. F. Vinen in 1961 using liquid 4He. He observed that when 
the liquid was cooled below the superfluid transition temperature 
the circulation could only take on discrete values. Furthermore, 
these discrete values are multiples of h/M where h is Planck’s 
constant and M is the mass of one atom of helium. This value was 
predicted by Lars Onsager in 1949 who identified h/M with the 
circulation of a single vortex in the superfluid. This is another 
macroscopic quantum effect. 


The quantization of magnetic flux in superconductors and of 
circulation in superfluids showed that both superconductors and 
superfluids can be classified as quantum states of matter. These 
quantum phenomena are quite similar, even though 
superconductivity occurs in solids and superfluidity in liquids. 
This indicates a deep underlying unity, demonstrated through the 
study of condensed matter physics. 


Josephson junctions 


The observation of macroscopic quantum effects made another 
advance at Cambridge University in the early 1960s. When the 
theory of superconductivity was developed in 1957 by Bardeen, 
Cooper, and Schrieffer (BCS) they did not fully appreciate its 
connection with the Ginzburg-Landau theory of 
superconductivity, including the physical significance of the 
order parameter and spontaneous symmetry breaking. In a 
superconductor the value of the order parameter at any point in 
space is two numbers, one of which can be viewed as the angle 
that defines the state in terms of a point on the circle at the 
bottom of the Mexican hat potential (Figure 18). While spending 
a sabbatical year at Cambridge, Phil Anderson gave a series of 
lectures on the theory of solids and discussed the importance of 
the concept of broken symmetry. One of the Ph.D. students who 
attended Anderson’s lectures was Brian Josephson. He began to 
think about possible experiments to measure the angle associated 
with the order parameter for superconductivity. 


In 1962, Josephson proposed investigation of the electrical circuit 
shown in Figure 31. The central feature is the ‘junction’ where a 
very thin layer of an insulating material is wedged between two 
layers of superconducting material. At temperatures higher than 
the superconducting critical temperature these two layers are 
normal metals and when the circuit is not connected to a battery 
there is no electrical current in the circuit. Josephson argued that 
when the two metals were in the superconducting state there 
could be a current, even without a battery, and the size of the 


current would depend on the difference between the angles 
associated with the order parameters of the two superconducting 
states. 


superconductor 
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31. A Josephson junction in an electrical circuit. A current, 


denoted I, flows around the circuit passing through a very thin 
layer of an insulator that is wedged between two superconductors. 
The magnitude of the electrical current depends on differences 
between the values of the order parameters of the two 
superconductors. 


Josephson’s proposal was rejected and actively opposed by John 
Bardeen, a widely respected figure. Bardeen had been awarded a 
Nobel Prize in 1956 for the discovery of the transistor and led the 
team that created the BCS theory of superconductivity in 1957. 
Nevertheless, Josephson held firm and tried to construct the 
electrical circuit that he proposed. Although he did not succeed, 
on Anderson’s return to Bell Labs in the USA, he and John Rowell 
were able to create the circuit and observe the predicted effects. 
Josephson shared the Nobel Prize in Physics in 1973. 


Josephson considered a beam of microwaves with a single 
frequency incident on a junction. He predicted that there would 
be jumps in the current passing through the junction as the 
voltage across the junction was varied. These jumps would occur 
when the voltage was equal to some integer multiple of the 
microwave frequency times h/2e. This is known as the AC 
Josephson effect, where AC stands for the alternating electrical 


current associated with generating the microwave. 


It is possible to measure voltages and frequencies with extremely 
high precision and so the AC Josephson effect enables precise 
measurement of the ratio h/e. Prior to Josephson, measurement 
of such fundamental constants was only possible by 
measurements of the properties of single atoms and electrons. In 
contrast, Josephson provided a way to measure these microscopic 
parameters with a macroscopic system. 


The AC Josephson effect is another example of a macroscopic 
quantum effect, with the characteristic four features, noted 
earlier for the quantization of magnetic flux: it is a macroscopic 
system in which a physical quantity has discrete, or stepped, 
values; the magnitude of the steps is an integer multiple of a 
parameter; that parameter is determined by fundamental 
constants, including Planck’s constant; and the quantization is 
observed in different materials and devices. 


The AC Josephson effect has an important application in 
metrology, the study of measurement and the associated units 
and standards. Prior to 1990 the international standard used to 
define one volt was based on a particular type of electrical 
battery, known as a Weston cell. In 1990 an international 
agreement was made to use the AC Josephson effect as the 
standard instead. This allowed voltages to be defined with a 
precision of better than one part per billion. This change was 
motivated not only by improved precision, but also portability, 
reproducibility, and flexibility. The old voltage standard involved 
a specific material and device and required making duplicate 
copies of the standard Weston cell. In contrast, the Josephson 
voltage standard is independent of the specific materials used and 
the details of the device. This independence reflects the fact that 
the Josephson effects have the universality characteristic of 
emergent phenomena. 


Schrdédinger’s cat is a squid 


Josephson junctions can exhibit quantum interference effects like 
the double-slit experiment and can be used to make extremely 
precise measurements of magnetic fields. Both involve a SQUID, a 
Superconducting Quantum Interference Device. This consists of a 
circuit in which an electrical current can pass through either of 
two Josephson junctions (Figure 32). Quantum interference 
occurs between the two currents. If a magnetic field passes 
through the loop the interference changes by an amount that 
depends on the value of the magnetic field relative to the 
quantum of magnetic flux. If the current is measured as a 
function of the strength of the magnetic field, then the current 
oscillates between a maximum value and zero, similar to the 
interference pattern for a double slit shown in Figure 29. 


32. A superconducting quantum interference device (SQUID). Two 
Josephson junctions are part of a circuit loop that is placed inside 
another circuit. A magnetic field, denoted by B, passes through the 
loop. 


A SQUID can be used to make highly sensitive measurements of 
magnetic flux in laboratories and in diverse technological 
contexts. Indeed, SQUIDs are the most sensitive detectors of 
magnetic flux available. They can sense a change as small as one 
billionth of the Earth’s magnetic field. SQUIDs are used in 
geological prospecting, and to locate defects in silicon microchips 
and microscopic cracks in aircraft wings. In neuroscience, 
SQUIDs are used to detect the small magnetic fields produced by 
the electrical currents associated with brain activity and can help 
identify neurological disorders. 


Since 2000, SQUIDs have been used to create quantum states just 
like Schrédinger’s cat, where a macroscopic system is 
simultaneously in two different states. These states exhibit 
quantum weirdness such as tunnelling, interference, and 
entanglement, the strangest property of quantum theory. 
Entanglement is central to quantum computation, whereby the 
power of a computer is enhanced by the ‘parallel processing’ 
made possible by quantum weirdness. In principle this could 
make possible the performance of tasks such as cracking codes 
not possible with a traditional computer. However, construction 
of such a computer is a formidable challenge. So far, the most 
promising and powerful devices involve circuits containing tens 
of SQUIDs. 


These SQUIDs are sometimes called ‘artificial atoms’ because they 
exhibit all the quantum weirdness associated with single atoms. 
In the early 1980s Tony Leggett proposed using SQUIDs to 
construct such systems and test whether macroscopic systems 
really were described by quantum theory. There was scepticism 
towards these proposals, particularly from experts working on the 
foundations of quantum theory. Leggett recently observed, ‘I find 
it rather amusing that nowadays the younger generation of 
experimentalists...blithely writes papers with words like 
“artificial atom” in their titles, apparently unconscious of how 
controversial that claim once was.’ 


In this chapter we have seen that superconductors and 


superfluids are states of matter that are fundamentally different 
because they manifest quantum properties at the macroscopic 
scale. The next chapter considers another class of quantum states 
of matter that occur in Flatland. For these, the quantum steps can 
be related to the shapes of doughnuts and pretzels. 


Topology, as we noted earlier, is the field of mathematics 
describing the properties of geometric objects that do not change 
when they are smoothly deformed. These properties only change 
in steps by cutting or gluing. Concepts in topology can be 
illustrated with everyday objects such as balls, doughnuts, coffee 
cups, and pretzels. For example, a doughnut can be gradually and 
smoothly deformed into the shape of a coffee mug (Figure 33). 
No ripping or cutting is required. In contrast, it is impossible to 
turn a ball into a doughnut without cutting a hole. The number of 
holes in an object is referred as a topological invariant. For a ball, 
doughnut, and the simplest pretzel these numbers are zero, one, 
and two, respectively. Topology is about qualitative differences 
not quantitative details such as distances, angles, and sizes. 
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33. A doughnut can be smoothly deformed into a coffee cup. From 
the perspective of the mathematical field of topology all the objects 
above are identical. 


In Chapter 4 it was noted that in ordered states of matter, some 
properties are determined by topological defects, such as vortices 
in superconductors. These are topological objects in the following 
sense. In a superconductor, there is an electrical current 
circulating around a vortex and a magnetic field that passes 
through the centre of the vortex. The total magnetic flux through 
a vortex is equal to exactly one quantum of magnetic flux. If the 
spatial distribution of the electrical current around the vortex is 
smoothly changed the total magnetic flux remains the same. 
Furthermore, it is not possible to smoothly deform the system in 
any way to make the vortex disappear. The magnetic flux 
associated with the vortex is a topological invariant. 


Condensed matter physics is about qualitative difference: states of 
matter are qualitatively different from one another. Until the 
1980s these differences were only associated with different types 


of symmetry, which in turn reflect the underlying ordering in the 
state. This chapter describes unanticipated discoveries of new 
states of matter that could not be described in terms of this 
traditional symmetry picture. But they can be described in terms 
of topology. These states exhibit macroscopic quantum effects, 
reminiscent of superconductors and superfluids. Understanding 
these states of matter involves venturing back into Flatland and 
also into some abstract mathematical spaces. Remarkably, these 
abstractions can be related to practical questions about 
international standards for electronic circuits. 


Classical Hall effect 


The Hall effect in metals was discovered in 1879 by Edwin Hall. 
A voltage is applied across the ends of a thin metal strip so that 
an electrical current flows along the strip. When a magnetic field 
is present with a direction perpendicular to the plane of the strip 
a voltage (electrical potential energy difference) develops 
between the sides of the strip (Figure 34). This is known as the 
Hall voltage, and the Hall resistance is defined as the ratio of the 
Hall voltage to the magnitude of the electrical current that travels 
along the strip. The magnitude of the Hall resistance is 
proportional to the strength of the magnetic field and is inversely 
proportional to the density of charge carriers in the metal. 
Quantum theory is not needed to understand these properties of 
the Hall effect. It can be understood in terms of how a magnetic 
field exerts a force on a moving charged particle, so it does not 
travel in a straight line. 


34. The Hall effect. A thin metallic strip is placed in a magnetic 
field that is perpendicular to the surface of the strip, and denoted 
B. An electrical current flowing along the strip leads to a voltage 
difference between the sides of the strip. 


The Hall effect is used to investigate properties of metals and 
semiconductors because it allows determination of the density of 
charge carriers responsible for electrical conduction. But some 
measurements presented a challenge to classical theories. 
Whether the Hall voltage was positive or negative varied from 
one material to another. This was inconsistent with the accepted 
picture that in metal electrical currents were due to the flow of 
electrons, known to have a negative electrical charge. This 
suggested that in some metals (e.g. magnesium and aluminium) 
the current was carried by particles with positive charge. In the 
1930s this puzzle was solved by using quantum theory to 
understand the electronic properties of crystals. It was shown 
how positive charge carriers can naturally arise in certain 
crystals. These charge carriers are known as holes because they 
represent the absence of an electron in a ‘sea’ of many electrons. 
Holes are central to modern semiconductor technology. Diodes, 
transistors, and photovoltaic cells consist of interfaces between 
two regions. On one side of the interface electrical conduction 
occurs via electrons and on the other side via holes. 


Landau levels 


In a magnetic field, charged particles, such as electrons, move in 
circular orbits in a plane that is perpendicular to the direction of 
the magnetic field. However, this classical picture breaks down in 
quantum theory. Particles are like waves and so if they undergo 
circular motion, they will experience wave interference 
depending on the size of the circular orbit. Similar physics is 
responsible for the quantization of the energy of electrons in 
atoms. 


In 1930, just a few years after Schrödinger wrote down his 
famous mathematical equation for quantum theory, a 22-year-old 
Lev Landau solved the equation for the wave motion of a charged 
particle in a magnetic field. He showed that the energy of the 
particle could only have certain discrete values, now known as 
Landau levels. There is an integer n (1, 2, 3,...) associated with 
each of these quantum states, with the energy increasing with n. 
Landau noted that this discreteness of the energy could lead to 
the magnetic properties of a metal oscillating as the magnetic 
field was varied. However, Landau suggested these quantum 
effects were unlikely to be observed. In order for the electrons to 
be in the low-lying energy levels and complete an orbit without 
being scattered by impurities in the metal three criteria must be 
met: low temperatures, high magnetic fields, and pure materials. 
But, in fact at around the same time experimentalists did observe 
the oscillations that Landau studied theoretically. One of these 
scientists was Lev Shubnikov, who was later falsely accused and 
executed in one of Stalin’s purges. This led to Landau writing the 
anti-Stalin pamphlet that resulted in his own arrest and 
imprisonment. 


Integer quantum Hall effect 


More surprises occurred in the 1980s when it became possible to 
study Landau levels in Flatland. This happens when the electrons 
are completely constrained to move in only two dimensions. The 
surface within which the electrons move needs to be extremely 
flat and free from defects and impurities. Advances in 


semiconductor technology in the 1970s led to two realizations of 
this Flatland. Both were developed for technological reasons: the 
desire to have transistors in which the electrons and holes can 
move extremely fast. One class of device is silicon MOSFETs 
(Metal Oxide Semiconductor Field Effect Transistors). The second 
class is heterostructures, where layers of ultrapure 
semiconductors such as gallium arsenide are grown on top of 
each other, one layer of atoms at a time. In both classes of device, 
a fixed density of electrons (or holes) can be injected at the 
surface. These charge carriers can move freely in Flatland, acting 
like a fluid. Things get interesting when the number of charge 
carriers is small enough and the magnetic field is large enough 
that the number of charge carriers is comparable to the number 
of quanta of magnetic flux that pass through the system. Then, 
the quantum state of most of the charge carriers is one of the 
lowest Landau energy levels. 


To achieve this regime for the cleanest possible systems requires 
magnetic fields more than 100,000 times stronger than that of 
the Earth. Furthermore, the magnetic field must be spatially 
uniform in the region where the semiconductor system is located, 
stable over the time of the measurements, and the interior of the 
electromagnet producing the field must be large enough to 
contain a refrigerator that can cool the charge carriers in the 
system down to a few degrees above absolute zero. By 1980, all 
these conditions became possible. Klaus von Klitzing was able to 
perform measurements of the Hall resistance versus magnetic 
field in a special high magnetic field laboratory in Grenoble, 
France. The results were surprising and are shown schematically 
in Figure 35. There are four noteworthy features. 
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35. The quantum Hall effect. The Hall resistance is shown as a 
function of the strength of the magnetic field and has a step-like 
structure. The integer n is related to the quantized energy that the 
charge carriers have. 


First, there are distinct steps in the curve. At small magnetic 
fields the Hall resistance versus field is a straight line, as 
expected for the classical Hall effect. However, at larger fields 
there are plateaus in the curve. 


Second, each of the plateaus is extremely flat. Von Klitzing found 
that the magnitude of the Hall voltage on each plateau did not 
vary to one part in 10 million. As he varied the magnetic field, he 
noticed that the first seven digits on the voltmeter he was using 
did not change. He wondered if the voltmeter was broken and 
had become jammed. But it was working. 


Third, the magnitude of the Hall resistance for all the plateaus 
has a simple relationship to fundamental physical constants. The 


quantum of resistance is defined as equal to h/2e2. When you 
calculate this quantity, the answer (25,812.827 ohms) is in the 
units of electrical resistance. The value of the Hall resistance is 
precisely equal to this value divided by an integer ( 

n = l, 2, 3...) which is related to the highest quantized energy 
(Landau level) that an electron can have at that magnetic field. 
That is why it is known as the integer quantum Hall effect. 


Fourth, the observed value of the Hall resistance for each of the 
plateaus is independent of many details, including the 
temperature, the amount of disorder in the material, the chemical 
composition of system (silicon versus gallium arsenide), or 
whether the charge carriers are electrons or holes. 


These four features are similar to those for the steps associated 
with the macroscopic quantum effects (magnetic flux in 
superconducting cylinders, circulation in a superfluid, Josephson 
effects) discussed in the previous chapter. Again, it is astonishing 
that a macroscopic measurement—of electrical resistance—of a 
macroscopic system can determine fundamental constants that 
are normally associated with properties of atomic systems. Just as 
the Josephson effect led to a new standard measure for voltage, 
the quantum Hall effect led to a new standard measure for 
electrical resistance. 


Anyone familiar with building electronic circuits will have used 
resistors of varying values in ohms (Q), such as 10 Q or 25 kQ. 
When these resistors are made, they are calibrated against some 
standard. For making integrated circuits with billions of 
transistors this standard needs to be extremely accurate. In 1990 
the international standard for the ohm was changed to be that 
defined by the quantum Hall effect. Previously, the ohm was 
defined by the electrical resistance of a column of liquid mercury 
with constant cross-sectional area, 106.3 cm long, a mass of 
14.4521 grams, and a temperature 0 °C. Like the Josephson 
voltage standard, the quantum Hall resistance standard has the 
advantage of precision, portability, reliability, reproducibility, 
and independence of platform. 


From the practical to the abstract 


Why is the Hall resistance so precisely quantized and 
independent of so many details? Topology provides the answer: 
the Hall resistance is a topological invariant. This insight came 
from a group of theorists led by David Thouless. The topology 
involved is not that of physical objects in the real three- 
dimensional space of the laboratory, but rather an abstract 
mathematical space that describes the quantum states that the 
electrons are in. Thouless, Mahito Kohmoto, Peter Nightingale, 
and Marcel den Nijs considered an abstract model in which the 
electrons move in the presence of a uniform magnetic field and a 
periodic electrical potential, such as occurs due to the 
arrangement of atomic ions in a two-dimensional crystal. 


This model leads to beautiful patterns such as shown in Figure 
36, a graph of the dependence of the allowed energy values on 
the magnetic flux. The resulting pattern has a fractal (scale-free) 
structure. 
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36. Hofstadter’s butterfly. The allowed energies are shown as a 
function of magnetic field (flux) for charged particles moving in 
the presence of a two-dimensional periodic electric potential and a 
uniform magnetic field. The horizontal scale is related to how 
many quanta of magnetic flux pass through each repeat unit of the 
periodic potential. The vertical scale is related to how easy it is for 
the charge particles to move between neighbouring repeat units. 


These patterns arise because there is competition between the 
periodicity of the crystal and the periodicity associated with the 
effect of the magnetic field on the wave nature of the electrons. If 
the two periodicities are commensurate then a continuous range 
of values for the energy of the electron is allowed (note the 
vertical lines at certain values of the magnetic flux). The model 


associated with these patterns was the subject of the Ph.D. thesis 
of Douglas Hofstadter, who became famous for his Pulitzer Prize 
winning book Gödel, Escher, and Bach, in which he reflected on 
patterns in mathematics, art, and music, and the insights these 
patterns give to human cognition and the emergence of 
consciousness. 


The mathematical formula that Thouless’s group derived for the 
Hall resistance for the plateau with integer n was subsequently 
shown by the mathematical physicist Barry Simon to be equal to 
a topological invariant. This integer equals the number of holes 
in the shape representing the quantum Hall state of all the 
electrons. The connection to topology explained why the Hall 
resistance was quantized and independent of so many details. It is 
just like the fact that to a topologist a coffee mug and a doughnut 
are the same. It also followed that each of the quantum Hall 
plateaus corresponds to a new state of matter, qualitatively 
different from other states, just as balls, doughnuts, and pretzels 
are different from one another topologically. In 1985 von Klitzing 
was awarded the Nobel Prize in Physics for his discovery of these 
new states of matter. 


Fractional quantum Hall effect 


Only two years after von Klitzing’s discovery came another 
surprise. The availability of the combination of higher magnetic 
fields, temperatures less than one Kelvin, and ultraclean 
semiconductor heterostructures made it possible to explore a new 
frontier. With reference to Figure 35 this is the = 1 regime 
that lies to the right of the curve shown there. Then all of the 
electrons had the lowest possible energy allowed by quantum 
theory. Horst St6érmer and Daniel Tsui discovered new plateaus in 
the Hall resistance with values that were not integers but 
fractions: 1/3, 2/3, 4/3, 5/3,...1/5, 2/5...and so on, with all the 
denominators of the fractions being odd integers. 


These fractions did not make any sense in terms of the picture 


used to explain the integer quantum Hall effect. You can’t have a 
ball with one-third of a hole in it, or an electron with less than 
one unit of charge. The explanation of the integer effect assumed 
that the interactions between electrons due to repulsion of like 
electrical charges were negligible. But this assumption is 
debatable when the electrons are in the lowest Landau level as 
they are closer to one another, and so interact more strongly. 


Robert Laughlin developed a new theory that took the 
interactions between electrons into account and showed that they 
formed a new quantum state of matter that was only stable for 
conditions corresponding to the observed fractional values. In his 
picture, physically it was as if each electron dragged along an 
even number of quanta of magnetic flux as it moved. This helped 
explain why the denominators in the observed fractions were 
always an odd number (3, 5, 7,...). Laughlin’s most stunning 
finding was that if a single electron was added to the 1/3 state 
the system acted like there were three independent particles, 
each with a charge of one-third of that of a single electron. It is 
as if the electron falls apart into three pieces. The properties of 
the whole system are qualitatively different from those of the 
individual electrons of which the system is composed. This is an 
example of emergence. It is impressive that Laughlin provided a 
theoretical explanation within one year of the discovery of the 
fractional effect. In contrast, the puzzle of what caused 
superconductivity was not solved for 46 years. In 1998 the Nobel 
Prize in Physics was awarded to Stormer, Tsui, and Laughlin. 


Quantum spin chains 


States of matter that are quantum and topological also exist in 
crystals composed of chains of magnetic atoms. Unlike most new 
states of matter, one of these states was predicted theoretically 
before it was discovered in the laboratory. As we noted earlier, 
quantum theory describes the magnetic properties of single atoms 
in terms of a quantity known as spin. Each spin has a direction 
and its magnitude is quantized; its value can only be an integer 
or half an integer. A single electron has spin of magnitude 1/2. 


The spin of an atom is a sum of the spins of all of the electrons in 
the atom. In a crystal, the spin of each atom interacts with the 
spin of the nearby atoms. In ferromagnets, such as iron, this 
interaction favours parallel alignment of the neighbouring spins. 
In antiferromagnets, such as nickel oxide, the interaction favours 
antiparallel alignment. By the 1960s, the nature of these 
magnetic states in three-dimensional crystals was well 
understood. At low enough temperatures magnetic order always 
occurred and properties were the same regardless of whether the 
quantum spin was an integer or half-integer. This order meant 
that the directions of all the spins were correlated with one 
another, regardless of their spatial separation. 


In the early 1980s came a big surprise. Chains of magnetic atoms 
have properties that are qualitatively different from those of a 
three-dimensional crystal composed of magnetic atoms. Studying 
theoretical models for chains of atoms where the interaction 
between neighbouring atoms favoured antiferromagnetism, 
Duncan Haldane showed that there was a fundamental difference 
between integer and half-integer spin. For integer spin, the 
relative direction of the spins could only be correlated over short 
distances, even at zero temperature. In contrast, in a chain of 
half-integer spins the direction of the spins is correlated over very 
long distances. 


Haldane’s analysis was based on theoretical models that were 
originally proposed to describe elementary particles known as 
mesons in nuclear physics. In these models there is a 
mathematical term that is a topological invariant associated with 
the abstract mathematical space describing the direction of the 
quantum spins. Haldane showed that the key difference between 
integer and half-integer spin chains was whether this topological 
term has a value different from zero. 


Haldane’s findings were controversial. However, they were 
confirmed in the 1990s by calculations on supercomputers and by 
experiments on crystals composed of chains of magnetic atoms 
with spin one. It was also shown that although there was no 


magnetic order in the Landau sense, or spontaneous symmetry 
breaking, there was an order of topological character. This was 
manifested in the properties of a finite chain that behaved as if 
spin-1/2 atoms were at each of the ends of the chain. This split of 
a spin one into two halves is reminiscent of the quantum Hall 
effect, where the system acted like electrons split into three parts. 
In 2010 it was shown that the topological order in both these 
systems is associated with quantum entanglement, the weird 
property at the heart of Schrédinger’s cat. 


Topological insulators 


Haldane’s creativity continued. In 1988 he published a very 
abstract paper that showed how the integer quantum Hall effect 
could occur in the absence of a magnetic field. He studied an 
artificial model for graphene (which had not yet been made in a 
lab) in which the electrons moved between atoms differently, 
depending on whether they were moving forwards or backwards 
in time. This was related to a problem in elementary particle 
physics known as the ‘chiral anomaly’. Pions are elementary 
particles that can have a negative, positive, or zero electric 
charge. The problem is that pions without charge decay almost a 
billion times faster than charged pions. 


Haldane’s work achieved little attention until the fabrication of 
graphene in a lab in 2004 (remember the pencil and sticky tape). 
This led Charles Kane and Eugene Mele in 2005 to consider a 
more physically realistic version of Haldane’s model and to 
propose a spin quantum Hall effect in graphene. It turned out 
that the parameter values they used in their calculations were 
overly optimistic for graphene. Nevertheless, their work led to 
other proposals for a topological insulator: a material that is an 
electrical insulator, but at its surface conducts electricity like a 
metal. This new state of matter was subsequently observed in 
several different materials. 


Both of Haldane’s contributions show the ongoing fruitful 


interaction between condensed matter physics and elementary 
particle physics. That interaction began in the 1950s and was 
central to the BCS theory of superconductivity. In 2016 Haldane 
shared the Nobel Prize in Physics with David Thouless and 
Michael Kosterlitz ‘for theoretical discoveries of topological phase 
transitions and topological phases of matter’. 


The discoveries of the new states of matter described in this 
chapter show that condensed matter physics is full of surprises. 
Like many beloved and successful paradigms, Landau’s 
characterization of states of matter in terms of symmetry 
breaking and local order turned out to be incomplete. A 
topological perspective considers the global properties of a 
system, not just its local properties. This chapter also illustrates 
how sometimes in science abstract ideas and mathematics such as 
topology can be relevant to practical issues such as how to define 
the standard of electrical resistance. 


Topological states of matter are examples of emergence. A system 
of many interacting parts has properties that are qualitatively 
different from those of the constituent parts. The next chapter 
will clarify what emergence is and why it matters so much, not 
just in condensed matter physics, but in many fields of science. 


F. Scott Fitzgerald supposedly remarked to Ernest Hemingway, 
‘The rich are different from you and me,’ prompting the response, 
‘Yes, they have more money.’ This interaction between two of 
America’s famous novelists may be apocryphal, but it embodies 
the idea that ‘quantitative differences become qualitative 
differences’. This is also a central tenet of Marxist-Leninist 
ideology, as we pointed out earlier. Similarly, in condensed 
matter physics qualitative differences, such as different states of 
matter, arise from quantitative differences such as large numbers 
of interacting atoms. More is different. 


Condensed matter physics is all about emergence: the whole is 
greater than the sum of the parts. The central question is: how do 
the physical properties of a state of matter emerge from the 
properties of the atoms of which the material is composed? 
Earlier chapters discussed emergence with reference to 
superconductivity, states of matter in Flatland, universality near 
the critical point in phase diagrams, macroscopic quantum states, 
and metrology. This chapter focuses on the nature of emergence, 
its centrality to condensed matter physics, its relevance to other 
fields of science, and the philosophical questions that it raises. 


Characteristics of emergent phenomena 


Discussions of emergence in condensed matter physics begin with 
a seminal article, ‘More is Different’, published in 1972 by Phil 
Anderson. He concluded his article with the Fitzgerald- 


Hemingway exchange and the Marxist idea mentioned above. The 
concept of spontaneous symmetry breaking was central to his 
discussion of the hierarchical nature of reality and the limitations 
of reductionism. The word ‘emergence’ does not appear in the 
article, but Anderson later used the term, following discussions 
with biologists who drew on earlier work in philosophy. 


In the social sciences the origin of the concept of emergence is 
usually attributed to the work of Michael Polanyi in the 1960s. 
Polanyi began his academic career as a physical chemist, using 
quantum theory to understand how chemical reactions proceed. 
After fleeing Nazi Germany in 1933, his interests gradually 
moved to economics, and then the philosophy of science. 
Emergence is the title of one of three chapters in his small but 
influential book The Tacit Dimension, published in 1966 and 
based on lectures that Polanyi gave in 1962 at Yale University. 


The characteristics of emergence can be illustrated with an 
example given by Polanyi of how literature emerges from 
language (Figure 37). At each level there are distinct 
components, rules of interaction, phenomena, and concepts. The 
boxes represent different components of a system. The rules for 
interactions between these components are given next to the 
arrows. For example, grammar provides the rules about how 
words can interact to produce sentences. 


Literary genres 


Literary devices 


Paragraphs 


Style 


Sentences 


Grammar 


Spelling 


Alphabet 


37. Emergence and the hierarchy of levels associated with 
language and literature. 


An emergent property of a system composed of interacting parts 
has the following characteristics. 


1. An emergent property is not present in the parts. 


2. An emergent property is difficult to predict solely from 
knowledge of properties of the parts and how they interact 
with one another. 


3. An emergent property is associated with a modification 
of the properties of and the relationships between the 
parts. 


4. An emergent property is universal. It is independent of 
many of the details of the parts and their interactions. 


There are differing interpretations of the nature of emergence, 
particularly regarding the second characteristic. ‘Difficult to 
predict’ is sometimes replaced with ‘impossible’, ‘almost 
impossible’, or ‘extremely difficult’, or ‘possible in principle, but 
impossible in practice’. After an emergent property has been 
observed, sometimes it can be understood in terms of the 
properties of the parts. A key word in the second characteristic 
above is ‘solely’. For example, the BCS theory of 
superconductivity provided a posteriori, rather than a priori, 
understanding of the phenomena. 


Examples of properties of a system that are not emergent are 
volume, mass, charge, and number of atoms. These are additive 
properties. Each property is simply the sum of the properties of 
the parts. 


Emergence in condensed matter physics 


In Chapter 1, I stated that emergence is central to condensed 
matter physics, and referred to irreducibility, surprises, and 
universality, corresponding to characteristics 1, 2, and 4. 


I now illustrate how these four characteristics of emergent 
properties are related to superconductivity. 


1. At low temperatures solid tin exhibits the property of 
superconductivity. However, a single atom of tin is not a 
superconductor. 


2. Even though the underlying laws describing the 
interactions between electrons in a crystal have been 
known for almost 100 years, the discovery of 
superconductivity in many specific materials was not 
predicted. 


3. In the superconducting state the electrons become 
ordered in a particular way. The motion of the electrons 
relative to one another is not independent but correlated. 


4. Properties of superconductivity such as zero electrical 
resistance, the expulsion of magnetic fields, quantization 
of magnetic flux, and the Josephson effects are universal. 
The existence and description of these properties is 
independent of the chemical and structural details of the 
material in which the superconductivity is observed. 


Quasiparticles 


An example of emergent entities in condensed matter physics are 
quasiparticles. The concept can be described with the following 
analogy. When a horse gallops through the desert it stirs up a 
dust cloud that travels with it. The motion of the horse cannot be 
separated from the accompanying dust cloud. They act as one 
entity. Similarly, in a system consisting of many interacting 
particles, when one particle moves it carries with it a ‘cloud’ of 
other particles. This composite entity is referred to as a 
quasiparticle. It turns out to be easiest to understand the whole 
system of particles in terms of the quasiparticles rather than in 
terms of the individual particles. 


Quasiparticles are composite objects. Like the constituent 
particles in the system, quasiparticles each have properties such 
as charge, mass, and spin. However, these properties of a single 
quasiparticle may be different from those of the individual 
particles of which it is constituted. An example is holes in 
semiconductors; the many electrons in a crystal act collectively to 
produce a hole (the absence of a single electron), a quasiparticle 
with the opposite charge to that of a single electron. A more 
striking example is for the fractional quantum Hall states; the 
charge of the quasiparticles can be a fraction of the charge on a 
single electron. 


Different musical instruments produce distinct sounds because 
they are made of different materials, and they vibrate in different 
ways in response to different stimuli. In general, the vibrations of 
a medium reflect something about the medium itself. Chapter 3 


discussed how in a crystal the number of distinct ways that sound 
can travel through a crystal reflects the symmetry and ordering of 
the atoms in the crystal. 


When the skin on a drum is hit by a drumstick the skin vibrates 
at particular frequencies. Similarly, a state of matter responds to 
external stimuli such as light, sound, or heat, by oscillating at 
particular frequencies. These vibrations travel through the matter 
as waves. The properties of these waves reflect the particular 
order present in the state of matter. Here is a specific example. 
When a neutron with a particular energy and momentum is 
absorbed by a ferromagnetic crystal the interaction of the 
magnetism of the neutron with that of the atoms in the crystal 
produces a collective oscillation of the magnetic state of the 
crystal in time and space. Known as a spin wave, this oscillation 
has a particular frequency and wavelength. In quantum theory, 
waves and particles are equivalent to one another. The energy 
and momentum of a particle are related to the waves’ frequency 
and wavelength, respectively. Particles equivalent to light waves 
are known as photons; particulate equivalents of sound waves are 
known as phonons. And similarly, the particle equivalent of a 
spin wave is known as a magnon. These collective excitations are 
quasiparticles. Whereas the particles in a system may interact 
strongly with one another, the quasiparticles may interact weakly 
with one another. This makes analysis and understanding of the 
relevant theories more tractable. 


The quasiparticle concept is a powerful theoretical tool in 
condensed matter physics. It is the basis for the construction of 
models that enable emergent phenomena to be understood in 
terms of the effective interactions between components such as 
quasiparticles, rather than in terms of the actual constituent 
particles and their interactions. This approach requires profound 
physical insight in order to discern what the truly essential 
components of a system are. Lev Landau was one of the first 
theoretical physicists to take this approach, introducing the idea 
of quasiparticles in his theories of superfluidity in 4He and of 
liquid 3He. This approach was also central to the BCS theory of 


superconductivity. Phil Anderson was also a master of the 
approach, using intuition to propose models that were simple 
enough for analysis and yet complex enough to capture the 
essential physics associated with a particular state of matter. In 
1977 he was awarded the Nobel Prize for work using this 
approach to understand two specific systems: magnetic atoms in 
metals and the motion of electrons in materials that are not 
crystals and are dirty in the sense of containing many impurities. 


The scientific challenge of emergence 


Over the last century, the scientific strategy known as 
reductionism has been very successful in providing both a 
quantitative description and conceptual understanding of a wide 
range of natural phenomena, by breaking a system down into its 
parts and studying these. But reductionism is only part of the 
story. Knowing the constituents of a system of scientific interest 
and the laws that describe the interactions between the 
constituents does not mean we can understand or predict the 
collective properties of the system. Even if we know the exact 
chemical composition of a crystal and the geometrical 
arrangement of the atoms in the crystal, it is extremely difficult 
to predict whether the material will be magnetic, a metal, an 
insulator, or a superconductor. Indeed, the need to understand 
emergent properties is central to the biggest challenges in the 
natural and social sciences today. Knowing the sequence of 
amino acids that make up a specific protein molecule does not 
mean we can predict the biological function of that molecule. 
Knowing the properties of neurons in the brain and their 
interactions does not mean we can understand consciousness or 
what thoughts you are going to have. And knowing the 
psychological profiles of the individual members of a crowd does 
not mean we can predict whether it will become a violent mob. 


The process of reducing complex systems to their component 
parts and interactions leads to a hierarchical view of reality and 
scientific disciplines in which physics appears at the base, leading 
upwards into chemistry, biology, and then to psychology and 


sociology, increasing in complexity of the system, in terms of 
number of variables, as we move upwards. At each level there are 
distinct phenomena, concepts, theories, and scientific methods. 
Viewing the various disciplines in this way raises questions. Does 
the fact that physics is on the bottom mean it is the most 
fundamental discipline? And if we fully understand things on one 
level, can we actually explain everything on the next higher 
level? For example, can all of biology really be explained solely 
in terms of chemistry? 


Emergence matters 


An emergent perspective on science provides a framework and 
approach to address scientific questions. It is not just a 
philosophical issue, but is of practical utility, being relevant to 
scientific strategy and setting funding priorities. Emergence 
describes why condensed matter physics works as a unified 
discipline. As a result of universality there are concepts and 
theories that can describe diverse phenomena in a wide range of 
materials. 


Emergence makes theory tractable. It is not necessary to keep 
track of the zillions of atoms in a material to understand its 
properties. Understanding many aspects of a magnetic phase 
transition does not require a model that incorporates the 
quantum theory of all the electrons in the atoms that the material 
is composed of. Rather, a ‘stripped down’ model such as the Ising 
model may be sufficient. In his Nobel Lecture in 2016, Duncan 
Haldane (who was a Ph.D. student of Phil Anderson) said, 
‘Looking back,...I am struck by how important the use of stripped 
down “toy models” has been in discovering new physics.’ 


Emergence highlights that in a system, whether a crystal, a 
biological cell, or a community, there are many different scales: 
size, length, time, energy, and complexity. Looking at the system 
at these different scales provides complementary descriptions of 
the system. To investigate a problem, the key is to decide at what 


scale the system should be studied, and to use appropriate 
methods for that scale. This strategy has implications for setting 
priorities, whether for an individual scientist (choice of topic and 
technique) or a funding agency (goals and budgets for different 
areas). It is best to invest in a portfolio of complementary 
approaches that look at different scales, from the microscopic to 
the macroscopic. 


The final chapter considers where condensed matter physics may 
head in the next few decades. Given that emergent phenomena 
are hard to predict this may be fraught. 


What might the future of condensed matter physics be? Just like 
everyone else, scientists are not good at predicting the future. In 
1894 Albert Michelson, famous for his measurements of the speed 
of light, stated: ‘it seems probable that most of the grand 
underlying principles have been firmly established...’ Within two 
decades physics was turned upside down with the discovery of 
quantum theory and Einstein’s theories of relativity. 


Brian Pippard was a distinguished condensed matter physicist 
who made important contributions to our understanding of 
metals and superconductivity. In 1961 Pippard was invited to 
speak at a conference marking the opening of a new IBM research 
laboratory at Yorktown Heights, New York. Pippard painted a 
pessimistic view of the future of condensed matter physics: 


the era of the great breakthrough is over...when I suggest to senior 
physicists that the end of physics as we know it is in sight, they tell 
me, ‘That’s just what everybody was saying in 1900’. 


...ask yourselves this question:...what is the most recent discovery 
in physics that still remains in essence a mystery?...the 
disappearance of liquid helium, superconductivity, and 
magnetoresistance from the list of major unsolved problems has 
left this branch of research looking pretty sick from the point of 
view of any young innocent who thinks he’s going to break new 
ground....but with the new IBM Laboratory, and all those other 
labs that we represent, plugging along assiduously doing research, 
ten years is going to see the end of our games as pure physicists... 


Pippard was wrong. Ironically, at the same conference the first 
results were presented of a macroscopic quantum effect, the 
quantization of magnetic flux in superconducting cylinders. 
Furthermore, at the same time Pippard’s own Ph.D. student, 
Brian Josephson, made a discovery that surprised and puzzled 
many, raised fundamental issues, enabled experimental tests of 
the foundations of quantum theory, and led to new technologies 
and metrologies. More discoveries followed: superfluidity in 
liquid 3He, quantum Hall effects, the renormalization group 
theory of critical phenomena, topological order, quasicrystals, 
cuprate superconductors, and graphene, to name a few. 


In 1996, a science journalist, John Horgan, published ‘The End of 
Science: Facing the Limits of Knowledge in the Twilight of the 
Scientific Age’, claiming that all the great discoveries had been 
made in all fields of science and all that remained was to work 
out minor details and apply scientific knowledge to develop new 
technologies. But, deciding what is a ‘great breakthrough’ or ‘a 
major unsolved problem’ or ‘in essence a mystery’ or where the 
boundary is between ‘pure’ and ‘applied’ science involves 
subjective judgements. 


There are a range of views about where condensed matter physics 
fits into all this. Some would argue that the basic intellectual 
structure of condensed matter physics is in place and is highly 
unlikely to be overturned. This may be why at Caltech, Stanford, 
and the University of Tokyo, condensed matter physics research 
occurs in the Department of Applied Physics, not in the 
Department of Physics, reflecting a view that it is not 
fundamental. 


The opposite extreme to pessimism is unbridled optimism 
manifested in hype. In this final chapter I present an optimistic 
but sober view, considering some examples of outstanding 
scientific questions. As condensed matter physics is all about 
emergence, I anticipate surprises and exciting new discoveries. 
There is an endless frontier to explore. 


Grand challenges 


Here are some other outstanding problems and opportunities for 
breakthroughs, besides the ‘holy grail’ of superconductivity at 
room temperature. 


Glass and the glass transition. Glasses are everywhere. They are 
not just in windows. They can be plastics. Even water can form a 
glass when liquid water is rapidly cooled. Glass is a distinct state 
of matter. Why are glasses solid? How do they form? We really 
don’t have good answers to such basic questions. In contrast to 
crystals, which have regular spatial ordering of all the atoms, 
glasses are characterized by disordered spatial arrangements of 
the atoms. Understanding the relationship of this structural 
disorder to the unique physical properties of glasses remains a 
significant challenge, unlike the well-established understanding 
of the relationship between structure and properties of crystals. 
In 1995, Phil Anderson stated that the ‘deepest and most 
interesting unsolved problem in solid-state theory is probably the 
theory of the nature of glass and the glass transition’. 


Schrodinger’s cat. Is it dead or alive? Will it be possible to 
construct a quantum computer, that uses the principles of 
quantum theory to perform tasks that are impossible on the 
traditional computers? The most promising approaches are based 
on SQUIDs using Josephson junctions. But they are still a long 
way from definitive answers to these questions. 


Extreme conditions. The range of temperature, pressure, and 
magnetic fields that can be explored in laboratories continues to 
expand. In the past this has led to the discoveries of new states of 
matter, particularly at low temperatures, high pressures, or high 
magnetic fields. Examples include the superfluid states of liquid 
3He, the quantum Hall effects, and the 18 states of solid water. 


Non-equilibrium states. The states of matter discussed in this book 
are all equilibrium states, that is, they do not change with time. 


Much is unknown about states that can change with time, 
particularly when a large external force (e.g. a burst of heat) acts 
on a system. How will it change in time? Related issues are the 
formation of patterns, turbulent flow in fluids, and flocking of 
birds. 


Materials by design. One aim of computational materials science 
is to start with the known chemical composition of a material 
(i.e. which atoms it is made of) and use the mathematical 
equations of quantum theory, together with the well-established 
laws describing the interactions between electrons, atoms, and 
atomic nuclei, to calculate the physical properties of the material. 
The availability of ever more powerful computers, new 
algorithms, and new physical insights has led to significant 
advances. Commercial software is now routinely used by 
scientists and engineers to calculate the properties of different 
materials. Nevertheless, for the most interesting systems, such as 
cuprate superconductors, these methods fail, sometimes 
spectacularly. They may not even get qualitative details correct, 
such as whether a material is a metal, insulator, or a 
superconductor. These failures result from a multitude of 
debatable assumptions that must be made to simplify the 
calculations in order for them to be tractable, even on the most 
powerful supercomputers. The dream of materials by design is 
that if an engineer wants a material with specific properties, such 
as room temperature superconductivity and processible into 
durable wires that can sustain large electrical currents, these 
requirements would be entered into a computer that would then 
calculate the chemical composition, synthesis method, structure, 
and physical properties of the best candidate materials. 
Proponents claim that machine learning techniques will facilitate 
such new discoveries. Whether that will happen remains to be 
seen. 


Interdisciplinarity 


Condensed matter physics may continue to make significant 
contributions to other disciplines, not just to physics, but also 


chemistry, engineering, computer science, and biology. 
Condensed matter physics can contribute to these fields with 
people, techniques, models, and concepts. Complex systems are 
ubiquitous, both in nature and in society. And as I remarked at 
the start of the book, condensed matter physics has arguably had 
the greatest success at understanding emergent phenomena 
quantitatively, because of the relative simplicity of the systems 
they study compared to those of fields such as economics. 


Soft matter. This book has mostly focused on states of matter that 
are found in ‘hard’ materials such as crystals. However, there are 
other classes of ‘soft’ materials and states of matter that are 
‘squishy’ such as polymers, membranes, foams, colloids, and 
liquid crystals. Soft matter is ubiquitous in biological materials 
and is discussed in detail in the Very Short Introduction on the 
subject by Tom McLeish. He identifies several defining 
characteristics of soft matter: structures at mesoscopic length 
scales (i.e. intermediate between the microscopic and 
macroscopic), universality, common experimental techniques, 
and multi-disciplinarity. This field is providing new insights into 
the physics of biological systems and of the science and 
technology of food. Seminal contributions made by Pierre de 
Gennes were recognized with a Nobel Prize in 1991. He began his 
career working on superconductivity and went on to develop a 
unified framework to understand soft matter, introducing ideas 
from condensed matter physics such as order parameters, scaling, 
renormalization, and universality. 


Marriage of soft and hard matter. The underlying science of how 
soft and hard materials interact with one another is poorly 
understood, whether it is how they do (or do not) bond to one 
another or how electrical currents can pass through an interface 
between them. Over the past two decades there has been 
substantial research (and controversy) into whether electrical 
circuits could be constructed using DNA. Even the basic question 
of whether a molecule of DNA was a metal, insulator, or 
superconductor took a decade to resolve. (It is an insulator.) For 
biomedical applications it is desirable to marry the ‘hard’ matter 


of semiconductor-based electronic devices with the ‘soft’ matter 
of biological tissues and cells. 


Dirty materials. Most real materials are neither chemically pure 
nor perfect crystals. They contain impurities and structural 
disorder. That can be a problem for experiments on condensed 
matter, because one may not be measuring the properties of the 
system one is actually interested in. On the other hand, 
imperfection can lead to interesting new physics and useful 
technology, particularly when imperfections are well 
characterized. Silicon Valley may be the birthplace of the 
semiconductor industry, but pure silicon is actually an electrical 
insulator. Real transistors are not based on pure silicon but rather 
silicon containing a controlled number of impurity atoms, such as 
phosphorus and boron. Light amplification in some optical fibres 
used in telecommunications is enabled by the presence of small 
amounts of impurities in the form of atoms of rare earth 
elements. 


Large amounts of impurities can produce new states of matter. In 
1958, Phil Anderson showed, to the surprise of many, that a 
metal containing a large amount of disorder could actually be an 
electrical insulator. A different class of disordered materials, 
known as ‘spin glasses’, are non-magnetic metals that contain a 
large number of impurity atoms that are magnetic. An example is 
a sample of gold with one per cent of the atoms replaced with 
iron. As the temperature is lowered, they undergo a transition to 
a new state of matter, in which the direction of all the spins of 
the atoms is frozen. Understanding this magnetic state was a 
challenge and again Anderson made important contributions, 
particularly in defining the problem and proposing the simplest 
possible model that might capture the essential details. But what 
was the order parameter? What symmetry was broken in this new 
state of matter? 


These questions were answered definitively by Giorgio Parisi, 
using quite abstract mathematics and drawing on techniques 
from quantum field theory that he had used previously to 


understand interactions between quarks in elementary particle 
physics. The underlying models, physical ideas, and 
mathematical techniques turned out to be relevant and useful for 
a wide range of complex systems. This led to new insights into 
problems in neuroscience, the folding of proteins, biological 
evolution, computer science, and optimization in applied 
mathematics. The work on spin glasses is thus another significant 
example of the cross-fertilization of condensed matter physics 
with other areas of science. Parisi was awarded a Nobel Prize in 
Physics in 2021. 


Social sciences. The Ising model is a ‘stripped down’ model 
designed to capture the essential physics associated with 
magnetic phase transitions. The model has also found 
applications in other fields such as neuroscience. Similarly, in the 
social sciences, simple models (known as agent-based models) 
have been developed that can be simulated easily on computers. 
They can describe emergent phenomena such as racial 
segregation, diffusion of innovation, altruistic cooperation, and 
epidemics. 


Technology 


Condensed matter physics has played a significant role in the 
development of technologies such as liquid crystal displays, 
superconducting magnets in MRI machines, computer memories, 
and semiconductor electronics. Future breakthroughs may occur 
in clean energy including electricity transmission (room- 
temperature superconductors), energy production (solar cells), 
energy storage (batteries), and energy conversion (thermoelectric 
refrigerators). The information technology revolution has 
followed Moore’s law, whereby the number of transistors on a 
computer chip doubles every two years. This has led to 
exponential increases in computing power. In 2020, Macbook 
computers used an Apple M1 chip that contains 16 billion 
transistors in an area of about one square centimetre. The size of 
a single transistor is about five nanometres, that is, one twenty- 
thousandth of the width of a single strand of human hair. 


Transistors are becoming so small that soon they may not work 
because different physics, including that associated with quantum 
theory, becomes relevant. The impending end of Moore’s law 
presents new challenges and opportunities. 


The potential of such technological advances is often used to 
argue for funding of basic research on materials, including in 
condensed matter. But it should be noted that making a new 
material or getting a new device to work in a million-dollar 
laboratory is a long way from producing a widely used 
commercial product. Regardless of whether it is a photovoltaic 
cell, a battery, or a superconducting wire, many demanding 
criteria must be met. Any new technology must be better than 
any existing technology on numerous counts, such as being cheap 
to manufacture, scalable to mass production, environmentally 
friendly, durable, reliable, and safe to manufacture and use. 


Opportunities and threats 


Condensed matter physics involves a multifaceted approach and I 
anticipate advances on many fronts will continue: chemical 
synthesis, device fabrication, experimental techniques, theory, 
computation, intellectual synthesis, connections with other 
disciplines, and technological applications. 


Discoveries of new states of matter have been enabled by 
technological advances. For example, discovery of the quantum 
Hall effects required advances in semiconductor device 
fabrication, high magnetic fields, and low-temperature 
refrigeration. Thus, there is synergy with developments in many 
other fields. 


Will there be big new discoveries in condensed matter physics? 
There are two aspects to this question. First, are there big things 
to be discovered? If yes, will they actually be discovered? 


I believe the answer to the first question is yes for two reasons. 


First, the past 100 years have given us a continual stream of 
discoveries, many of them unexpected. Every time that things get 
a little boring, pretty soon there is something exciting and new. 
Second, condensed matter physics is all about emergent 
phenomena in materials. Emergent phenomena are extremely 
hard to predict. Due to the combinatorics of chemistry, the list of 
possible materials to study is endless. However, just because such 
an endless frontier exists does not mean that it will be explored. 
Successful explorers require courage, creativity, resources, time, 
and freedom. 


I am concerned that the frontiers of condensed matter may not be 
explored. Reflecting on the contexts in which the pioneers of 
condensed matter physics, such as Kamerlingh Onnes, Landau, 
Kapitsa, Anderson, Wilson, Onsager, de Gennes, and Leggett, 
worked, some common elements were time, stability, job 
security, mental space, sufficient funding, and intellectual 
freedom. Anderson spent almost three decades at Bell Labs in its 
heyday. Thanks to the monopoly of the Bell company in 
providing telephone services in the USA, it had a secure and 
stable income, allowing it to provide substantial financial and 
institutional support for basic research. These pioneers played a 
long game. They had the freedom to fail, to choose research 
topics, and to change directions. They did not follow fashion and 
were fiercely independent thinkers. They had most of the 
resources they needed and did not have to worry about or fight 
for funding. Their daily life was very different from that of a 
researcher today. Their mental space was not filled with an 
endless stream of distractions and frustrations such as grant 
proposals, committees, performance metrics, and emails. Most of 
their time and mental energy was simply focused on curiosity- 
driven research. 


Today running a research group is like running a small business. 
The skills and personality required for survival, let alone success, 
may be quite different from those of scientific pioneers. The 
creativity and technical prowess of the pioneers sometimes also 
came with introversion and weak skills or low interest in 


management and communication. I doubt they would survive 
today, under the intense pressure to produce short-term ‘outputs’ 
(papers) and ‘impact’ (citations) and ‘national benefit’ 
(technological, commercial, security, and social). These pressures 
can lead to researchers working on ‘safe’ projects in fashionable 
areas that they are confident will produce results and attention in 
the short term. 


These pressures can also lead some researchers to oversell their 
research results and the potential commercial applications. Hype 
is bad for real scientific progress. It wastes precious time and 
resources, and obscures problems. Determining that a reported 
research result or area is actually just hype can take significant 
time. This is particularly true if one actually tries to reproduce a 
result and discover all the problems associated with it. Resources 
are mis-allocated. Researchers, students, and funding agencies 
flock to hyped fields, rather than working on important but less 
fashionable topics that have robust foundations. Important but 
difficult problems, such as glass, are put aside. I hope that I am 
wrong. But I fear that great discoveries may be missed, or at least 
delayed. 


An endless frontier? 


Condensed matter physics is all about emergent phenomena, and 
as we have noted, by definition, emergent phenomena are hard to 
predict, even if most (or all) of the details of the system 
components and their interactions are known. Discoveries are 
often surprising. Almost all discoveries of new states of matter 
were made by experimentalists, sometimes by accident. Theorists 
may have had some inklings and suggestions of what to look for, 
under what conditions, and in what material. However, that is 
quite different from there being consensus and expectation. 
Compare and contrast the case of the experimental discovery of 
the Higgs boson at CERN in 2012. It really wasn’t that surprising 
and there was a strong consensus among theorists both that it 
would be there and what specific properties it would have. 


Serendipity remains a powerful method of discovery. This is why 
scientists should be given freedom and resources to explore the 
frontier. What’s next? Who knows? All I am game to predict is 
that condensed matter physics will continue to be an exciting 
discipline with many surprises and rich intellectual challenges. 
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